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The effects of morphology on electronic and optical properties in solution 
processable photovoltaic (PV) materials have been studied through two different 
approaches. One approach, scanning photocurrent (PC) and photoluminescence (PL) 
microscopy, involved mapping PC generation and PL in functional PV devices on the 
length scale of around 250-500 nm. Additionally, local diode characteristics were studied 
from regions of interest in the PV through local voltage-dependent photocurrent (LVPC) 
measurements. In a PV made from a Copper Indium Gallium Selenide (CIGS) 
nanocrystal (NC) “ink”, two morphological features were found to cause the spatial 
heterogeneity in PC generation. Cadmium Sulfide (CdS) aggregates lowered PC 
generation by blocking incident light to the photoactive layer, and cracks in the CIGS-NC 
film enhanced PC generation through improved charge carrier extraction. LVPC 
measurements showed all regions to have similar diode characteristics with the main 
difference being the PC generated at zero bias voltage. For another PV made from a 
donor/acceptor blend of poly(9,9-dioctylfluorene-co-bis-N,N-(4-butylphenyl)-bis-N,N-
phenyl-1,4-phenylenediamine (PFB) and poly(9,9-dioctylfluorene-co-benzothiadiazole) 
 ix 
(F8BT), two incident laser wavelengths were used to selectively illuminate only one or 
both polymers. The results showed that when F8BT is illuminated, the PFB-rich regions 
produced the most PC and when both polymers are illuminated (but mostly PFB), the 
F8BT-rich regions produce the most PC; showing PC generation is more affective when 
less absorber material is present in the morphology. 
The other approach to study morphological effects on PV properties was to 
fabricate particles that mimicked morphological variations known to occur in solution-
processable PVs. Through solution processing of an oligothiophene molecule, a range of 
weakly coupled H-aggregate particles were made. These particles, identifiable by shape, 
were shown to have a varying degree of energetic disorder (as gauged by the 0-0 vibronic 
band intensity in the emission spectrum), despite all particles showing a similarly high 
degree of molecular order from fluorescence dichroism (FD) measurements. A trend was 
observed correlating a decrease in energetic disorder with an increase in the local contact 
potential (LCP) difference as measured with Kelvin probe force microscopy (KPFM). 
The LCP difference was found to range by 70 mV between particles of moderate to low 
energetic disorder.  
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Chapter 1:  Introduction and Dissertation Overview 
1.1 INTRODUCTION 
As the world’s energy demand continues to grow there is an increased need for 
more energy sources, preferably environmentally friendly energy sources. Presently, the 
main sources of energy are based on fossil fuels of which there is a finite supply. Fossil 
fuels are also difficult to harvest from the earth and have detrimental effects on the 
environment. One promising source for environmentally friendly energy production is 
photovoltaic (PV) technology or solar energy.1,2 However, the present PV technology 
remains too expensive for commercial viability and wide spread use. 
A potential low cost, mass scalable PV technology is that of solution processable 
PV materials. This technology focuses on two classes of materials: inorganic 
nanoparticles3-7 and semiconducting organic materials.1,2,8-11 The low cost of these 
technologies results from the ease of fabrication due to room temperature, solution 
deposition processing techniques.12-15 However, the efficiency of this class of PV 
materials is currently too low for commercially viable, wide spread energy production.1   
One factor that significantly affects these PVs is heterogeneous morphology and 
chemical composition variations across the device, both of which have been found to 
have a significant effect on the local PV performance.15-18 The heterogeneity results from 
the solution deposition process. While the particles or molecules are in solution they 
possess freedom of motion, however, once the solution is deposited onto the substrate 
and the solvent begins to dry, the freedom of motion gradually decreases until it is lost 
completely when the solvent is gone. Often the materials will begin to order or phase 
separate during this post-deposition solvent drying process, but rarely do the materials 
reach an equilibrium, steady state morphology by the time the solvent has dried. As a 
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result, the materials end up trapped in a kinetically determined morphology. The result is 
non-uniform films with much structural and chemical heterogeneity. This is of particular 
importance in bulk heterojunction (BHJ) donor/acceptor blend PVs. In these devices, 
charge separation occurs at the interface of the donor and acceptor, but continuous charge 
transport pathways of both donor and acceptor materials are needed for the respective 
separated charge carriers to reach the electrodes and produce photocurrent (PC). Thus, 
the interplay of the morphology and fine scale mixing of donor/acceptor have substantial 
implications on PV performance.19 Generally, these devices are spin cast from a blend of 
donor/acceptor in the same solution, which produces a wide range of complex 
morphologies, even in a single PV device. Efforts are underway to produce films that will 
self-assemble into a more uniform equilibrium morphology, however, in order to know 
the best morphology to target for such systems, a better understanding of the 
morphological effects on PV performance is needed.12   
In order for this type of PV technology to move forward, the connection between 
morphology on PV properties must be understood. However, the effect of these 
morphological heterogeneities on PV performance are not well characterized through the 
universally accepted methods of PV characterization, and thus these systems have 
inspired novel characterization methods to study PVs on a tens of nanometers to micron 
length scale. 
The universal method for characterizing PV performance involves two current-
voltage (IV) measurements: one in the dark and one with the entire PV device under 
illumination. These measurements involve monitoring the current produced in the PV 
while sweeping the bias voltage applied to the device and allow for determination of 
short-circuit current (Jsc), open circuit voltage (Voc), fill factor (FF), maximum power 
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point (Pm) and power conversion efficiency (PCE). Figure 1.1 shows data representative 
of this type of ‘bulk’ characterization along with illustrating the terms just described.  
 
 
Figure 1.1: Demonstrates the commonly used ‘bulk’ characterization of a PV device, 
where current-voltage (IV) measurements are taken with the entire device 
under dark and illuminated conditions. The graph also illustrates meaningful 







The Jsc is the photocurrent generated at zero applied bias. The Voc is the applied bias when 
the photocurrent equals zero. Pm is the point of maximum power in the device, where the 
photocurrent times the applied bias is maximized in the fourth quadrant. FF is the ratio of 
the Pm to the product of Jsc and Voc. PCE is the ratio of the power output of the device 
compared to the incident light intensity. In another common characterization technique a 
majority of the device is illuminated with a specific wavelength and the external quantum 
efficiency (EQE) is measured. Through measuring the power of the incident light and the 
photocurrent generated at a range of different wavelengths, an EQE spectrum is collected. 
While these ‘bulk’ IV measurements provide useful information about the device, they 
also blend together any effect of local heterogeneity in PV performance. Thus, in order to 
truly understand this class of PV materials, new characterization techniques are needed 
that are capable of studying the specific effects of local heterogeneities on PV 
performance. 
As a result of this need, there have been efforts made in recent years to develop 
instrumentation that allows for characterization of PVs on a morphologically relevant 
length scale.16,20-22 These techniques generally involve two methods for localizing the 
measurement of PV properties. One method is to illuminate a small region of the device 
and measure the light-induced properties from only that location of the device. The 
sample is then scanned over this focused light beam while the PC generation at each 
point is measured, thus creating an image map of local PC generation that highlights any 
performance heterogeneities in the device. This method is commonly referred to as light 
beam induced current (LBIC) microscopy21-29 and is used to study functional PV devices. 
The other method for measurement localization involves the electrical modes of atomic 
force microscopy (AFM).16,20,21,30-41 As AFM operates by measuring tip-sample 
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interactions, these measurements are localized to the region of the sample directly below 
the metalized cantilever. The cantilever is then scanned over the sample mapping out the 
local heterogeneity. Images can be collected in a variety of electrical AFM modes with 
the sample under dark or illuminated conditions. 
1.2 LIGHT BEAM INDUCED CURRENT (LBIC) MICROSCOPY 
This technique involves illuminating only a small region of the device at a time 
and scanning sample over the light beam, creating image maps of light-induced 
photocurrent (IPC). LBIC measurements have mostly been used on a larger length scale 
to study fabrication defects and performance quality in silicon-based PVs.42,43 However, 
in recent years LBIC has been used to study the complex morphology of solution 
processable PV materials. For this technique to be on a relevant length scale of the 
morphological variations in these materials, the incident light beam must be focused to 
the diffraction limit or beyond through the use of a microscope objective or near-field 
optics, respectively. In recent years, LBIC has been demonstrated with both scanning 
confocal microscopy and scanning near-field optical microscopy (SNOM). SNOM-LBIC 
measurements allowed for simultaneous collection of the photoactive layer topography 
with IPC.23-26,43 The technique was demonstrated on various donor/acceptor BHJ PVs 
composed of organic semiconducting materials, of which the topography provides 
valuable structural information and is also a marker to correlate regions with 
morphological information gained from other experiments. This technique requires use of 
either lateral device geometry26 or a thin semi-transparent metallic top-electrode in a 
vertical device architecture.23-25 The thin electrode allows the light to be transmitted 
through this typically opaque contact, and for the topography of the photoactive layer to 
show through. Scanning confocal microscope LBIC measurements have been coupled 
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with numerous optical spectroscopy methods to simultaneously collect valuable optical 
information with the IPC map. The optical properties measured have included: 
fluorescence (FL), photoluminescence (PL), PL spectra and Resonance Raman 
spectroscopy.22,26-29 The simultaneous collection of optical properties is a direct means of 
correlating IPC with variations in chemical composition, aggregation, and the intensity of 
radiative loss mechanisms across a PV device. This also opens the door for further optical 
spectroscopy techniques to be coupled with LBIC, such as time-resolved PL, polarized 
PL and absorption or reflection modes.44-49 The LBIC technique does involve using much 
higher laser powers than the typical solar intensity, and also must be done at a particular 
illumination wavelength rather than using the full solar spectrum. However, LBIC yields 
valuable information towards understanding performance heterogeneities present in a 
functional PV device. 
1.3 ELECTRONIC MODES OF ATOMIC FORCE MICROSCOPY (AFM) 
The other method to localize PV performance measurements is through electronic 
modes of atomic force microscopy (AFM).16,21,34,41 These techniques localize the 
measurement through monitoring the tip-sample interaction directly below a conductive 
AFM tip, which is then scanned across the sample to map out local performance 
heterogeneities. The resolution of this technique is dependent on the size of the AFM tip 
and is on the order of tens of nanometers.16,35 In some instances, the metal cantilever is 
used as the top electrode of the device so that the PV is only completed in the region 
underneath the AFM tip.21 In other instances, local contact potential (LCP) difference (or 
surface potential difference) between the tip and sample is measured under both dark and 
illuminated conditions with Kelvin probe force microscopy (KPFM).32 The local surface 
potential has yielded information on work function variations, magnitude and orientation 
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of interface dipoles, separation of charge carriers, charge distribution and rates.30,40,50-52 
While these techniques measure PV properties on a lower length scale than LBIC, the 
studies are done on PV relevant materials systems outside of a functional PV device.   
In recent years, these techniques have been applied in multiple ways for studying 
the complex morphology present in solution processable PV devices. The local surface 
potential under dark and illuminated conditions has been mapped in many donor/acceptor 
films.32,34,40,41,53 The LCP map in the dark provides information into variations of the local 
work function across the sample. These variations typically result from differences in 
local composition of donor and acceptor material. The change of LCP between the dark 
and illuminated conditions maps the differences in charge distribution across the film that 
results from the build up of separated charges in particular regions. Where this LCP 
change is the highest is where the most PC would be generated in a PV device based on 
the material system studied, if charge collection variations at the electrode were 
negligible.  
Through KPFM measurements on a sample of scattered particles, each composed 
of either donor or acceptor, a quantification of the number of charges separated by the 
donor/acceptor system was demonstrated.52 This was done by comparing the magnitude 
of the LCP change, under dark and light conditions, between that of isolated and 
overlapping donor and acceptor particles. 
The LCP measurement has also been extended to measure the local charging rates 
after illumination. Ginger and coworkers have demonstrated correlation between the 
external quantum efficiency (EQE) of the device and the rate of photo-induced charging 
(as measured with time resolved electronic force microscopy, tr-EFM).30 Thus, through 
mapping the local photo-induced charging rates, the effects of morphology on EQE are 
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studied. This technique has been applied to study both morphology and induced oxidative 
defects in PV material systems.38 
Another useful AFM mode is conductive AFM (c-AFM), for this the metalized 
cantilever is scanned in contact with the sample surface, measuring the amount of local 
current traveling between the AFM tip and the sample at each point in the scan.20,21,36 The 
sample for this technique is deposited onto a conductive electrode to allow a bias to be 
applied between the AFM tip and conductive substrate. Depending on the direction of the 
bias applied, the contrast in the c-AFM map shows variations in charge transport 
properties for either electrons or holes.54 This technique has also been used to measure the 
local space charge limited current for quantitative determination of local charge 
mobility.37  
The c-AFM mode has also been coupled with a light source (either a laser or 
white light) in order to map out the local PC generated in the device, this is called 
photocurrent-AFM (pc-AFM).21,55 This is the same measurement as c-AFM but has the 
added feature of illuminating the sample beneath the AFM tip. For these measurements 
the AFM-tip acts as the top electrode of the device, completing the device geometry only 
in the region of the sample directly below the AFM-tip. Both c-AFM and pc-AFM allow 
for local current-voltage (IV) measurements in the dark and light, by locating the tip to a 
region of interest on the sample and sweeping the applied bias. This provides information 
on variation in the local diode characteristics of the PV materials system. 
The last few paragraphs have provided an overview of research being done along 
similar lines as the work presented in this dissertation. The examples described have 
demonstrated the value of novel methods of LBIC and electronic modes of AFM in order 
to better characterize and understand PV performance.23 In this dissertation both novel 
characterization methodologies and results from those studies are presented. 
 9 
1.3 DISSERTATION OVERVIEW 
This dissertation presents two approaches to better characterize the local 
heterogeneity present in solution processable PV technology. One approach couples 
LBIC with simultaneous photoluminescence (PL) measurements, such as total PL 
intensity and a local PL spectrum at each point in the PC image map. This approach is 
referred to as scanning photocurrent (PC) and photoluminescence (PL) microscopy and is 
capable of resolving features on the order of 250-500 nm with oil immersion and 
traditional optics, respectively (scanning PC microscopy is also referred to as LBIC 
microscopy). A valuable extension of this approach is to further study local diode 
characteristics from regions of interest within the device by measuring the local voltage 
dependent photocurrent (LVPC). This yields information into variations in diode 
characteristics with morphology on a functional, as-fabricated device.  
Another approach for studying morphological effects on PV properties involves 
fabrication of unique particles that mimic the local morphological heterogeneities in a 
typical PV device. Then, studying the electronic and optical properties of specific 
particles, identifiable by shape. This involved collecting PL emission spectra of 
individual particles and using the spectral features to gauge the extent of energetic 
disorder within the particles. These values were then correlated with local contact 
potential (LCP) differences as measured with Kelvin probe force microscopy (KPFM). A 
trend of decreasing LCP with and increase in energetic disorder was observed. Through 
these approaches valuable insight is gained into the effects that morphological 
heterogeneities have on solution processable PV materials. The techniques are not unique 
to the systems studied but are applicable to other material systems as well. The 
information gained from local characterization is essential to truly understand the 
complex nature of these materials and allow this technology to advance. 
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CHAPTER 2: MAPPING SPATIAL HETEROGENEITY IN CIGS (CU(IN1−XGAX)SE2) 
NANOCRYSTAL-BASED PHOTOVOLTAICS WITH SCANNING PHOTOCURRENT AND 
FLUORESCENCE MICROSCOPY 
A novel approach of light beam induced current (LBIC) microscopy coupled with 
fluorescence (FL) microscopy is applied to study the response of as-fabricated, functional 
PV devices. LBIC microscopy is also referred to as scanning photocurrent (PC) 
microscopy. Simultaneous collection of fluorescence and PV response enables spatial 
correlation of the optical and electronic properties with the morphology of the device. 
Furthermore, local voltage-dependent photocurrent (LVPC) measurements are possible 
on particular regions of interest of the PV. A demonstration of this technique is presented 
from studies on a Copper Indium Gallium Selenide (CIGS) nanocrystal (NC) PV device. 
Significant correlation is made between structural and chemical composition variations 
with the PV performance of the device. There was an anti-correlation found between PC 
generation and FL, along with three distinct regions of performance: high, average and 
low PC. The regions of highest PC correlated to cracks in the CIGS-NC film observed 
from scanning electron microscopy (SEM). This result is contributed to better charge 
extraction within these regions due to the increased interfacial area with the electrode and 
hence lower distances of exciton diffusion needed to reach the electrode. The low PC 
regions were determined to be a result of aggregate formation within the Cadmium 
Sulfide (CdS) buffer layer. From atomic force microscopy (AFM) topography and 
absorbance measurements it was estimated that these aggregates were absorbing greater 
than 98% of the light before it could reach the photoactive CIGS-NC layer substantially 
lowering PC generation in these areas. A FL microscopy scan of just the CdS layer on 
glass also showed similar FL features as the PV device studied. From the shape of the 
LVPC measurements on the three regions it was observed that there were similar diode 
characteristics within all three and the only significant change being in the amount of PC 
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generation, best observed through the PC generated at zero bias. From an area calculation 
of all three regions it was determined that the power conversion efficiency could be 
increased by over 50% if the entire device were to function as well as the high PC 
generating regions. The understanding of morphological effects on PV performance 
gained from this work offer a guide for device fabrication and are being incorporated by 
our collaborators in the Korgel Lab at The University of Texas at Austin in order to make 
more efficient CIGS-NC PV devices, which includes methods for increasing the surface 
roughness of the back electrode to improve charge carrier extraction, and a method for 
removing the CdS aggregates before deposition of the top electrode of the PV device.  
CHAPTER 3: CORRELATION OF MORPHOLOGY WITH PHOTOCURRENT GENERATION IN 
A POLYMER BLEND PHOTOVOLTAIC DEVICE 
Morphological effects on photovoltaic (PV) properties were studied through 
scanning photocurrent (PC) and photoluminescence (PL) microscopy of a solution 
processed, polymer blend PV device composed of PFB [poly(9,9’-dioctylfluorene-co-bis-
N,N-(4-butylphenyl)-bis-N,N-phenyl-1,4-phenylenediamine] and F8BT [poly(9,9’-
dioctylfluorene-co-benzothiadiazole]. As PFB and F8BT have unique absorbance bands, 
it was possible to selectively excite only F8BT (488 nm) or both PFB and F8BT (408 
nm). Local voltage-dependent photocurrent (LVPC) measurements from particular 
regions of interest in the PV showed that the diode characteristics between different 
morphologies were basically the same, except in regard to the magnitude of PC 
generated. A local PL spectrum was measured simultaneously with PC generation at each 
pixel in the image maps. Through integration of the local PL spectrum over particular 
wavelength ranges, PL image maps were created of PFB-PL (435 to 475 nm), F8BT-PL 
(530 to 570 nm), exciplex-PL (620 to 685 nm) and total-PL (entire spectrum). These data, 
along with line scan comparisons and statistical linear correlation tests, allowed direct 
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correlation of PC generation with local chemical composition variations within the PV 
device. PL image maps showed morphological variations on the order of 0.5 to 1 microns 
of alternating PFB-rich and F8BT-rich phases. While illuminating only F8BT (488 nm 
light), the PFB-rich phases produced the most PC, however, while illuminating both 
polymers but mostly PFB (408 nm light), the F8BT-rich phases produced the most PC. 
These results show that in the morphology where the light absorber material is less 
concentrated, the PC generation is increased. Also, the exciplex-PL is found to not be a 
significant radiative loss mechanism of charge carriers for PC generation. 
CHAPTER 4: THE EFFECTS OF AGGREGATION ON ELECTRONIC AND OPTICAL 
PROPERTIES OF OLIGOTHIOPHENE PARTICLES 
Solution processing of oligothiophene molecules is shown to produce a range of 
particles with distinct morphologies. Once isolated on a substrate, the optical and 
electronic properties of individual particles were studied. From polarized scanning 
confocal microscopy experiments, distinct particles that are identifiable by shape were 
shown to have similar emission spectra except in regard to the 0-0 vibronic band 
intensity. This suppression of the 0-0 vibronic band correlates to the amount of energetic 
disorder present in a weakly coupled H-aggregate. The studied particles ranged from 
moderate to almost complete suppression of the 0-0 vibronic band when compared to the 
emission spectrum of the isolated molecule in solution. All particles were found to have a 
high degree of geometric order (molecular alignment) as observed from the fluorescence 
dichroism (FD) values of around 0.7-0.8 for all the studied morphologies. The structural 
and electronic properties of the particles were investigated with Kelvin probe force 
microscopy (KPFM) to measure the local contact potential (LCP) difference, a quantity 
that is closely related to the differences in intermolecular charge distribution between the 
oligothiophene particles. The LCP was found to vary by as much as 70 mV between 
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different oligothiophene particles and a trend was observed that correlated the LCP 
changes with the amount of energetic disorder present, as signified by the suppression of 
the 0-0 vibronic peak in the emission spectra. Combined polarized scanning confocal 
microscopy studies, along with KPFM measurements, help to provide fundamental 
insights into the role of morphology, molecular packing, and intermolecular charge 
distributions in oligiothiophene particles. 
CHAPTER 5: FUTURE WORK 
Future work would include extensions of the techniques described here. The 
scanning PC and PL microscopy experimental setup (described in Chapters 2 and 3) 
could be used to map out a more comprehensive view of the voltage-dependent 
photocurrent properties. The optical collection could also be extended to measure 
electroluminescence (EL) and Raman spectra. These measurements would yield 
information into the variations in voltage at zero PC, local radiative defects and charge 
transfer (CT) state intensity in the device. The Raman spectroscopy information would 
give a more quantitative determination of the local chemical composition and order. 
The work described in Chapter 4 could be extended to quantify how the effective 
work function shift observed in the oligothiophene particles affects charge separation at a 
donor/acceptor heterojunction. This would involve island growth of an acceptor material, 
such as C60, through thermal deposition on the particle samples. Through KPFM 
measurements in the dark and light the quantity of charges separated between donor 
(particle) and acceptor (C60) could be calculated for the different particle morphologies in 
an experiment similar to the one described in reference 52.  
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Chapter 2: Mapping Spatial Heterogeneity in CIGS (Cu(In1−xGax)Se2) 
Nanocrystal-Based Photovoltaics with Scanning Photocurrent and 
Fluorescence Microscopy 
This chapter was reproduced in part from: Ostrowski, D. P.; Glaz, M. S.; 
Goodfellow, B. W.; Akhavan, V. A.; Panthani, M. G.; Korgel, B. A.; Vanden Bout, D. 
A., Mapping Spatial Heterogeneity in Cu(In1−XGax)Se2 Nanocrystal-Based Photovoltaics 
with Scanning Photocurrent and Fluorescence Microscopy. Small 2010, 6, 2832-2836. 
2.1 INTRODUCTION 
The widespread use of photovoltaic (PV) devices to harvest energy from the sun 
requires significant reduction in the cost of solar cell technology.1,2 One approach to 
lowering manufacturing cost is to use solution-processable materials that can be printed 
onto various substrates, including plastics, under ambient conditions with high 
throughput techniques like roll-to-roll printing.3,4 While many soluble photovoltaic 
materials have been developed in recent years, the efficiency of these devices is still too 
low for commercial viability.5–7 In order to improve efficiency, a more detailed 
understanding of PV performance is needed. One factor that can limit the performance of 
thin film PVs is structural, chemical, and electronic heterogeneity in the device.3,8–16 
These variations can occur on the sub-micrometer length scale, thus requiring 
microscopic techniques that can examine functioning devices with sufficient resolution to 
observe these kinds of effects. Here, we present a microscopy technique, capable of 
studying as-fabricated PV devices, that allows local PV performance to be measured with 
sub-micron resolution and correlated with the optical properties of the materials. The 
technique is used here to examine PV devices fabricated with Cu(In1−xGax)Se2 (CIGS) 
nanocrystal “inks.” 
 20 
Numerous microscopy techniques have been developed to study local variations 
in PV performance. Scanning probe techniques, such as conductive probe atomic force 
microscopy (AFM) and Kelvin force microscopy (KFM), have been used to relate 
morphology to local variations in properties, including photoresponse and surface 
potential.9,17–25 Since these tools operate by monitoring tip-sample interaction, the 
measurements are localized to the region of the sample directly below the metalized 
cantilever. These techniques cannot be applied to as-fabricated PV devices, and are 
instead useful for measuring the electrical properties of model thin films. One way to 
probe the local photovoltaic response of a device is to only illuminate a small region of 
the device with a microscopically focused beam of light. Only the light-induced electrical 
properties of the illuminated region contribute to the measured performance; this 
technique can map the induced photocurrent and is known as light beam induced current 
microscopy (LBIC).24,26–31 The spatial resolution depends on the size of the illumination 
spot, which through focusing the incident light via a microscope objective can reach the 
diffraction limit and beyond with near-field techniques. By raster-scanning the device 
across the focused light spot, a map of local PV response can be generated, highlighting 
spatial heterogeneities in photocurrent generation across the device. 
LBIC measurements have been used to test for fabrication defects and 
performance quality in silicon-based PVs,27,32 and to study heterogeneity in organic bulk 
heterojunction PVs.24,28–31,33 Most of these studies have utilized conventional microscopy; 
a few studies achieved higher spatial resolution on the order of 200 nm by utilizing near-
field scanning optical microscopy.28–30,33 
Here we report a novel approach of LBIC microscopy coupled with fluorescence 
microscopy that we apply to study the response of as-fabricated, functional PV devices. 
As this technique illuminates the PV through the transparent electrode, there is no need 
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for constructing planar devices33 or ones with a thin, semi-transparent metal electrode.28–30 
Simultaneous collection of fluorescence and PV response enables spatial correlation of 
the optical and electronic properties with the morphology of the device. It should also be 
possible to couple other optical microscopy techniques with the LBIC method, such as 
time-resolved fluorescence, polarized fluorescence, and absorption or reflection modes, 
which can yield valuable information into specific PV characteristics such as charge 
separation, molecular orientation, local crystallinity and absorption.12,14–16,31 For example, 
LBIC coupled with Resonance Raman spectroscopy has recently been demonstrated.31 In 
addition to imaging, the technique presented here is capable of collecting local voltage-
dependent photocurrent data. Here, the technique is applied to a solution processed CIGS 
nanocrystal-based PV device. 
2.2 EXPERIMENTAL METHODS 
Synthesis of CIGS nanocrystal ink:  Cu(In1-xGax)Se2 (x = 0.25 targeted) 
nanocrystals were synthesized by arrested precipitation using standard Schlenk line 
techniques as previously reported.[34] The washed and purified CIGS NPs were dispersed 
in toluene at a concentration of 20 mg/mL to make the ‘ink’ used in device fabrication.  
CIGS nanocrystal-based PV device fabrication:  Polished float glass substrates 
with dimensions 25 x 25 x 1.1 mm (Delta Technologies, Ltd.) were cleaned by sonication 
in a 50/50 mixture of acetone and isopropanol followed by sonication in deionized water. 
Each sonication lasted 5 min and was followed by drying in a nitrogen stream. The glass 
substrates were then exposed to a 100 W oxygen plasma for 5 min to remove any organic 
residue on the surface. After cleaning, 5 nm of chromium and 60 nm of gold were 
thermally evaporated to form the metal back contact of the devices. A 600 nm CIGS 
nanocrystal absorber layer was then deposited by spray coating from an ink (described 
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above) using a commercially available airbrush (iwata Eclipse HP-CS) operated at 50 
psig of head pressure. A CdS buffer layer was deposited by a modified chemical bath 
deposition following procedures outlined by McCandless and Shafarman.37 The device 
was placed on a hotplate at 90 °C for 5 min after which an aqueous solution of 3 mM 
cadmium sulfate (CdSO4, Aldrich, 99.999%), 0.53 M thiourea (Fluka, 99.999%), and 8.1 
M ammonium hydroxide (NH3, Fisher, ACS certified) was deposited onto the device 
which was then covered with a glass petri dish to prevent evaporation. After 2 min, the 
device was removed from the hotplate and rinsed with deionized water and then left flat 
to dry. Next a window layer consisting of i-ZnO and ITO were deposited by RF 
sputtering. A 50 nm layer of ZnO (target 99.9%, Lesker) was first sputtered in an 
atmosphere of 0.5% O2 in Ar (99.95%, Praxair) with a 150 W plasma. This was followed 
by a 300 nm layer of ITO (target 99.99% In2O3: SnO2 90:10, Lesker) sputtered in an Ar 
atmosphere (research grade, Praxair) with a 180 W plasma. The final active area of the 
device was 8 mm2 (a 4 x 2 mm rectangle). A small dab of conductive silver paint (SPI 
supplies) was placed on all contact pads to improve contact with the testing apparatus.  
 ‘Bulk’ photovoltaic characterization: Conventional current-voltage response was 
with a Keithley 2400 General Purpose Sourcemeter using a Xenon Lamp Solar Simulator 
(Newport) equipped with an AM1.5 filter as an illumination source. External Quantum 
Efficiency (EQE) spectra were gathered using a chopper (Stanford Research Systems, 
model SR540), a lock-in amplifier (Stanford Research Systems, model SR830), a 
monochromator (Newport Cornerstone 260 1/4M), and a Si photodiode calibrated by the 
manufacturer (Hamamatsu). 
Morphological and Spectral characterization: Scanning electron microscopy 
(SEM) images were acquired using a Zeiss Supra 40 VP SEM operating at 10 keV 
accelerating voltages and using an in-lens detector. Atomic force microcopy (AFM) 
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images were acquired using a Digital Instruments multimode AFM (model MMAFM-2).  
Ultraviolet-visible (UV-VIS) spectra were collected using an Agilent 8453 UV-VIS.   
Photocurrent and Fluorescence image maps were obtained using a Coherent 408 
nm diode laser as the excitation light source, which was focused through a 50x Olympus 
objective. The size of the focal spot was ~ 275 nm in diameter as determined by scanning 
across a step edge in a patterned metal film. The typical incident laser power was 1.5 µW, 
which yields a power density of ~ 2.53 kW/cm2 after the light is focused through the 
objective. For sample scanning capabilities a Physik Instrumente (PI) piezoelectric stage 
(model E-501.00) was mounted onto a Nikon Diaphot 300 inverted microscope. The 
excitation beam was chopped at 174 Hz using a Digirad chopper (model C-980) and the 
photocurrent of the device was amplified 104 times using a transimpedance amplifier 
built in house.  The fluorescence was collected using a Perkin Elmer APD (model SPCM-
CD290) and the amplified current was collected using an EG&G DSP lock-in amplifier 
(model 7220).  The LVPC curves were obtained by sweeping the applied voltage across 
the device, sourced from a serial digital to analog (D/A) converter built onto the circuit 
board of the pre-amplifier, and recording the output signal from the lock-in with a 
Keithley 2400 General Purpose Sourcemeter. The serial D/A was controlled with 
LabVIEW. 
2.3 RESULTS AND DISCUSSION 
Figure 2.1A shows the structure of the CIGS nanocrystal PV device that was 
studied. The device consists of a light-absorbing layer of CIGS nanocrystals deposited on 
a gold back-contact. Cadmium sulfide (CdS) is added as a buffer layer on top of the 
nanocrystal layer by chemical bath deposition, followed by a 50 nm thick zinc oxide 
(ZnO) window layer and 300 nm of indium tin oxide (ITO) deposited by RF sputtering. 
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Figure 2.1B shows the device response in the dark and under AM1.5 illumination. The 
short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF), and power 
conversion efficiency (PCE) were 3.5 mA cm−2, 0.38 V, 0.41, and 0.51%, respectively. 
Figure 2.1C shows the wavelength-dependent external quantum efficiency (EQE) 
measured for the same device. The EQE is a measure of zero-bias current generated per 
incident photon on the device. The excitation source for the LBIC measurements had a 
wavelength of 408 nm, on the high energy edge of the EQE spectrum. The shape of the 
EQE curve is a result of the optical characteristics of both the CIGS nanocrystal absorber 
layer and the ZnO/ITO window layer.34 
Figure 2.2 shows a schematic of the LBIC microscopy setup. The sample is 
illuminated with 408 nm laser-light focused to a 275 nm diameter spot size. The 
photogenerated current is measured, along with fluorescence from the sample. As the 
sample is raster-scanned across the illumination spot, measurements are collected at each 




Figure 2.1: (A) Schematic of a CIGS nanocrystal (NC) based PV device. (B) J-V 
measurements performed under dark and AM1.5 illumination conditions. 
(C) External Quantum Efficiency (EQE) measured as a function of 
wavelength (vertical dotted line marks the laser excitation wavelength used 




Figure 2.2: Schematic of the scanning Light Beam Induced Current (LBIC) and 






















One challenge of mapping the photocurrent is that the entire device is active but 
only a microscopic region is being illuminated. The induced photocurrent (IPC) signals 
from the focused laser spot are on the order of 1 and 40 nA. However, these signals are 
on top of a comparatively large background from the dark current of the full device, 
which also varies non-linearly with applied bias voltage. As such, current amplification 
and lock-in detection were necessary to obtain sufficient signal to noise. Signal 
amplification was accomplished with a transimpedance amplifier (or current to voltage 
converter) built in-house with a gain of 10,000x. The incident light beam is chopped and 
output signal of the device is measured with a lock-in amplifier. Therefore, the IPC that is 
measured represents the difference between the current measured during illumination and 
the dark current. 
An LBIC image map of a CIGS nanocrystal based PV is shown in Figure 2.3A. 
There is significant heterogeneity in device response, with micrometer-scale regions of 
both increased and decreased IPC generation compared to the average response of the 
device. The higher performance regions appear filamentary (Region B), while the lowest 
performance regions have a circular shape with typical diameters of 1-2 microns (Region 
C). These regions of high and low response are scattered throughout relatively 
homogeneous regions with average device response (Region A). From the image it is 
observed that regions A, B and C correspond to 75%, 20% and 5% of the device, 
respectively (see supporting information). Figure 2.3B shows the fluorescence 
microscopy image that was acquired simultaneously with the LBIC measurement. It is 
clear that the local variations in IPC have corresponding variations in fluorescence.   
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Figure 2.3: Image maps of (A) zero-bias induced photocurrent (IPC) and (B) fluorescence 
intensity for a CdS-capped CIGS nanocrystal PV device. Overlay in upper 
right corner of (B): that area of the fluorescence image shown at a different, 
non-saturated contrast scale of 1,500 to 27,000 counts. 
  
(A) (B) 10 m 
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Figure 2.4: Local voltage-dependent photocurrent (LVPC) measured with the focused 
light beam positioned at locations A, B and C labeled on the images shown 
in Figure 2.3. These LVPC measurements are representative of the response 
from regions of the device with average, high and low IPC. 
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The fluorescence intensity, which relates to the local chemical composition and the extent 
of radiative charge recombination, is inversely correlated with the IPC signal in the 
image. For instance, areas of the device like Region C have high fluorescence intensity 
with low IPC, and areas like Region B show lower fluorescence and exhibit higher IPC 
(see also supporting information).  This is consistent with what one would expect: regions 
with higher fluorescence have higher radiative recombination and fewer charge carriers 
available for extraction as IPC.   
This technique provides another useful feature: after an image map is collected, 
the beam can be repositioned to illuminate a selected region of the sample to measure the 
local voltage-dependent photocurrent (LVPC). Figure 2.4 shows the local photocurrent 
traces obtained at points labeled A, B, and C in Figure 2.3; the traces are representative of 
the three distinct types of regions found across the device. The main difference between 
regions is the magnitude of the photocurrent at zero bias. The general shape of the LVPC 
curve is similar for the three different regions. There is a slight decrease of ~0.06 V for 
region C in the bias at which the LVPC is zero, however, the decrease is close to the error 
in the voltage measurement of ±0.05 V. This difference may result from lower charge 
carrier densities in these regions as they have an associated high fluorescence intensity, 
which is shown to be from CdS (see further discussion below). 
It is important to note the LVPC is not the same as the conventional I-V response 
measured with the device exposed to light. As a result of the lock-in detection, the 
measured current reflects only the additional current induced by the local illumination 
since the dark current has been subtracted from the signal. This means that the bias at 
which the LVPC is zero (induced photocurrent equals zero) is not the same as the Voc 
(total current equals zero). As a result, a local power conversion efficiency cannot be 
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calculated. However, relative efficiencies can be estimated since the only significant 
difference between the LVPC response of the different regions is the current at zero bias.  
From the data in Figure 2.4, the LVPC at zero bias in regions A, B and C are 18.3, 
31.6 and 11.6 nA, respectively, with an error of ±1.5 nA. Thus, the regions of higher 
photocurrent are nearly a factor of two greater than the average, while the regions of low 
response are over one-third decreased from the average. It is interesting to consider that if 
the device were composed entirely of the regions of greatest photocurrent (region B), 
there would be more than 50% enhancement in the power conversion efficiency of the 
device. While this would still be far below other reported CIGS device efficiencies,[35] 
these results identify specific pathways for substantially improving the performance of 
this emerging, solution-deposited photovoltaic system.  
The high IPC regions in the device, Regions B, have a filamentary morphology. 
As shown in Figure 2.5A, cracks in the nanocrystal films observed by SEM have a 
similar morphology. Therefore, it appears that these cracked regions are giving rise to the 
observed increased photocurrent in the device. Higher IPC is most likely due to the fact 
that the nanocrystal film is thinner in this region and therefore, more of the 
photogenerated carriers can be extracted from the layer before being eliminated by 
recombination. Increased photocurrent could also stem from increased interfacial contact 
area between the CdS layer and CIGS nanocrystal film, as a result of CdS penetrating 
into the cracks. This type of structure would also require shorter distances for minority 
charge carriers to travel to reach the interface. These regions also have lower 
fluorescence (see Figure 2.3 and supporting information), indicating that there is less 




Figure 2.5: (A) Scanning electron microscope image of the CIGS nanocrystal layer of the 
device. (B) Fluorescence image of a CdS layer deposited on glass, intensity 





AFM images of the CdS buffer layer showed that occasionally large aggregates 
form in the thin film as a result of homogeneous nucleation in the deposited solution (see 
supporting information). To investigate if Region C areas corresponded to CdS 
aggregates, fluorescence image maps were separately collected from each layer of the 
device on glass: ZnO/ITO, CdS, CIGS nanocrystal and blank glass. While the 
fluorescence image of the CdS showed highly fluorescent features, Figure 2.5B, none of 
the other layers showed fluorescence contrast. The similarity between the fluorescence 
images of the CdS films (Figure 2.5B) and the fluorescence from the device (Figure 
2.3B) confirms that Regions C correspond to places in the device in which the CdS 
aggregates are present. As the illumination must pass through the CdS layer before 
reaching the photoactive layer, one possibility for the lower response of these regions is 
that the aggregate may absorb most of the incident light, limiting transmission to the 
photoactive CIGS nanocrystal layer. The thickness of the CdS aggregates was assessed 
with a height analysis of the AFM topography images and the aggregates were found to 
range from 250 nm to greater than 1000 nm in height. The transmission of the aggregates 
was estimated to be at most 1.7% for the 250 nm aggregates and even as low as 10-4% 
transmission for aggregates at 1000 nm.36 Thus, when the aggregates are present, 
essentially no light is reaching the photoactive CIGS nanocrystal layer and one may 
expect the IPC in these regions to drop to zero. However, the IPC in these regions fall by 
at most half the IPC from that of Region A (average IPC). This could be a result of 
fluorescence from or incident light scattered off of the aggregates being reabsorbed by 
the CIGS nanocrystal layer and leading to IPC. Alternatively, light absorbed by the CdS 
layer may also generate current, albeit not as efficiently as the CIGS nanocrystal layer. 
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2.4 CONCLUSION 
In summary, microscopic imaging of a CIGS nanocrystal-based PV device has 
revealed substantial spatial heterogeneity in the photoresponse. Distinct regions of both 
higher and lower photocurrent could be observed on a variety of length scales ranging 
from hundreds of nanometers to tens of microns. Two morphological features were found 
to cause the heterogeneity: CdS aggregates that lowered IPC and cracks in the CIGS 
nanocrystal absorber layer that produced higher IPC. The performance differences 
between regions could be quantified using LVPC measurements and show the cracked 
regions to have had a zero bias photocurrent that was nearly double that of an average 
region. This information along with the photocurrent maps allow for an estimation of 
efficiency from a theoretical device composed entirely of the high IPC regions; such a 
device would have an increase of more than 50% in power conversion efficiency 
compared to the device studied. Efforts are currently underway to leverage this 
information to design new fabrication techniques that will improve the device efficiency 
of CIGS nanocrystal PVs. The coupling of microscopy, spectroscopy and electrical 
characterization presented here is applicable not only to these systems but any PV device. 
As such, direct measurements of how morphology affects performance can be used to 










2.5 SUPPORTING INFORMATION  
Figure 2.6 shows the Beer’s law plot used to estimate the absorbance of the CdS 
aggregates along with topographical AFM data used to determine the aggregate 
thicknesses. It is apparent that the aggregates range from 250 nm to greater than 1000 
nm, with transmission estimated at 1.7% and 10-4%, respectively. 
Figure 2.7 demonstrates that the CdS aggregates formed when deposited on a 
CIGS nanocrystal film are of similar size range as when CdS layer is deposited on glass 
(Figure 2.6). The roughness of the CIGS nanocrystal film makes it difficult to precisely 
tell the height of the CdS aggregates, however, they appear to be on the order of 500 nm. 
This height is within the height range (250 to 1000 nm) of the more precisely measured 
CdS aggregates on glass. 
Figure 2.8 shows that the CdS aggregates are scattered over the CIGS nanocrystal 
film and rarely correlate with a crack in the CIGS nanocrystal film, which shows the CdS 
aggregates are not nucleating at defects in the underlying film but rather result from 
homogeneous nucleation in solution. This theory is further supported from the spherical 
morphology of the aggregates. 
Figure 2.9 shows that the areas of high IPC (Region B) correspond to lower 
fluorescence, which means there is less extent of radiative charge recombination in those 
areas of the device. The opposite is true for the CdS aggregates of Region C that show 
increased radiative charge recombination and decreased IPC. 
Figure 2.10 shows the threshold levels used to determine the percentages of the 
IPC image that correlate to high and low photocurrents, Regions B and C respectively. 
The high photocurrent threshold (B) and low photocurrent threshold (C) included 20% 




Figure 2.6: (A) Beer’s Law plot of CdS absorbance at 408 nm wavelength light, 
constructed from theoretically calculated data from Derkaoui and co-
workers.36 (B) Topographic AFM image of CdS layer deposited on a glass 
substrate. (C) Line scan (section analysis) of the AFM topography taken 









Figure 2.7: (A) Topographic AFM image of CdS layer on the CIGS nanocrystal film. (B) 
Line scan (section analysis) of the AFM topography taken along the white 









Figure 2.8:  Scanning electron microscope (SEM) image of the CIGS nanocrystal layer of 





Figure 2.9: Image maps of (A) zero-bias induced photocurrent (IPC) and (B) fluorescence 
intensity for a CdS-capped CIGS nanocrystal PV device. Overlay in lower 
right corner of (B): that area of the fluorescence image shown at a different, 
non-saturated contrast scale of 3,500 to 20,000 counts. The units for image 
(A) are not exact due to use of a non-calibrated lock-in amplifier. (C) Line 
scans of the IPC and fluorescence images taken at the location of the lines 
shown on the images of (A) and (B), this analysis highlights the anti-





Figure 2.10: Image map of (A) zero-bias induced photocurrent (IPC) from Figure 2.3, and 
images with a threshold set to highlight areas of  (B) high photocurrent and 
(C) low photocurrent. 
  
(C) (A) (B) 
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Figure 2.11 shows the different steps of data processing needed to convert the 
lock-in measured voltage values to the corresponding magnitude of induced photocurrent 
the voltages represent. As mentioned, since the photocurrent levels from the LBIC 
technique are low (in this case on the order of nA), a pre-amplifier built in house that also 
functioned as a current to voltage converter was used. The same circuit board containing 
the pre-amplifier was equipped with a voltage biasing system to allow for scanning the 
voltage bias in the LVPC measurement. 
Figure 2.11A shows the raw data as collected from the lock-in amplifier. Since 
the measurement is of the wave amplitude oscillating between the light and dark current 
values of the chopped incident light beam, the sign does not change. However, the bias 
voltage where the photocurrent changes direction and thus sign, can be distinguished by 
the peak (lowest negative) value of the graph. This peak is the point at which the light 
and dark current states are equal and thus yields the value of the background of the 
measurement. Figure 2.11B shows the same data as A but with the background noise 
(distance from peak data point to 0) subtracted. Since this is the point where the sign of 
the photocurrent changes direction, the sign of all the data collected at higher bias values 
than the peak was changed to positive as shown in Figure 2.11C. The data was then put 
through a 5-point boxcar average Figure 2.11D. The true photocurrent of the device is 
the peak-to-peak amplitude of the chopped signal. As the lock-in measured the RMS 
amplitude, the correction factor to convert the lock-in measured values to peak-to-peak 
amplitude was a factor of 2.79, as measured with a function generator and oscilloscope. 
Figure 2.11E shows the corrected peak-to-peak wave amplitude values that have also 
been corrected for the lock-in sensitivity setting used. Figure 2.11F shows the finalized 
LVPC data after conversion to Amps with Ohm’s law and the resistance used in the pre-
amplifier, along with conversion of mA to nA. 
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As discussed, the bias at zero current in the LVPC measurement is not the same as 
the Voc of the device.  The bias at which the LVPC is zero will be slightly higher than the 






Figure 2.11: A) through F) show graphs of the LVPC data at different steps as the 
voltages measured by the lock-in amplifier are converted back to the 
original induced photocurrent (IPC) values. 
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Chapter 3: Correlation of Morphology with Photocurrent Generation in 
a Polymer Blend Photovoltaic Device 
3.1 INTRODUCTION 
Photovoltaics (PV) provide an environmentally friendly alternative for local 
energy production. As the world’s energy demand continues to grow and the finite 
reserves of non-renewable fossil fuels continue to decrease, new methods for energy 
production are needed.1 However, the price of present PV technology is too high to allow 
for wide spread use.2,3 In order for PV technology to be a useful form of energy 
production, advances must be made to improve efficiency and lower cost. 
One class of PV materials that shows promise for reducing PV cost is that of 
solution processable organic materials.1-6 This class of organic materials possesses 
semiconducting properties that result from the delocalization of electrons along a 
conjugated molecular backbone. Alkyl side chains off of this backbone allow the 
materials to be soluble in common organic solvents and thus can be deposited at room 
temperature through numerous solution processing techniques.7,8 This solution processing 
allows for significantly lower fabrication costs, however, the efficiency of these materials 
in PV devices is still too low for wide spread commercial use.3  
A significant factor that affects the PV properties of these materials is the local 
morphology.7,9 Most systems are binary, composed of a donor and an acceptor. The two 
molecules are mixed in a common solvent and then solution deposited simultaneously 
onto a substrate, forming a complex intermixed morphology known as a bulk 
heterojunction (BHJ) PV.5,6,8,10 While the materials are in solution they are able to move 
around freely. However, once the solution is deposited, the solvent begins to dry and the 
molecules gradually lose mobility until being trapped once the solvent has dried. These 
systems rarely reach an equilibrium state before the solvent dries and thus the resulting 
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films possess a complex, kinetically determined morphology that varies across the PV. 
These morphological differences have significant effects on PV properties, and as such, 
need to be well understood in order for this class of materials and technology to move 
forward. 
The emphasis of this work is on the effect that local morphological variations 
have on electronic and optical properties of a particular polymer blend donor and 
acceptor system: poly(9,9-dioctylfluorene-co-bis-N,N-(4-butylphenyl)-bis-N,N-phenyl-
1,4-phenylenediamine (PFB) and poly(9,9-dioctylfluorene-co-benzothiadiazole) (F8BT). 
These polymers form a type-II heterojunction and charge separation is energetically 
favorable regardless of which polymer absorbs light.11,12 When a 1:1 ratio solution of 
these materials is deposited on a substrate, the two polymers undergo phase separation 
through a favorable enthalpy of de-mixing.13,14 The extent of phase separation in the film 
is affected by the amount of time the polymers are free to move before the solvent dries, 
the molecular weight of the polymers and the concentration of the deposited solution.6,14,15 
With longer solvent evaporation times, higher molecular weights and higher 
concentrations all resulting in longer-scale phase separation.16 Once the solvent has dried 
the polymers are trapped in a kinetically determined, variable morphology. As PFB forms 
a wetting layer on the substrate, the micro-scale phases can be determined from an atomic 
force microscopy (AFM) topography image, which show alternating low and high lying 
domains.14,17 
Chemical composition variations on films made from these polymers have been 
studied with Raman microscopy and scanning transmission X-ray microscopy 
(STXM).15,18-23 These measurements showed the micro-scale domains are not pure phases 
but rather are alternating PFB-rich and F8BT-rich domains, with the interface region 
between the domains being the most pure. Thus, these films posses both a micro-scale 
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and nano-scale intermixing of the two polymers. There have been numerous studies on 
this material system in an effort to determine the effect this complex morphology has on 
PV properties.  
Earlier studies suggested that charge transport is the limiting factor of PV 
performance in the PFB:F8BT blend.13,15,24,25  From Kelvin probe force microscopy 
(KPFM), the most charge build up under illumination was observed at the interface of the 
domains suggesting that region to be the most efficient at PC generation, through to result 
from the enhanced charge transport to the electrodes at the higher purity domain 
interface.15,25 However, later studies showed that the majority of the photocurrent (PC) 
was generated within the micro-scale domains and not at the interface between 
domains.26-28 A recent study, used a variety of illumination wavelengths to map PC 
generation in a functional PFB:F8BT device with micro-scale domains on the order of 5 
microns.28 This study found that regardless of illumination wavelength, the same regions 
of the device produced the most PC, the F8BT-rich domains. Also, the strongest exciplex 
emission was observed in the PFB-rich domains, that STXM experiments have shown to 
be more intermixed (70% PFB) than the more pure F8BT-rich domains (90% F8BT).19 
This suggested more recombination of charge carriers occurs when there is a greater 
amount of intermixing between the two polymers.  
The presented work studies the complex morphology of an as-fabricated 
PFB:F8BT blend PV device which possesses micro-scale phase separation on the order of 
0.5 to 1 microns. This is a smaller phase separation than most studies in the literature that 
use higher molecular weight polymers and have micro-scale domains on the order of 5 
microns. Raman microscopy and STXM have not been used to quantitatively map the 
chemical composition variations in films made from polymers of the molecular weights 
presented here. Scanning photocurrent (PC) and photoluminescence (PL) microscopy was 
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employed to create image maps of local PV and optical properties at a resolution of 
around 250 nm. These measurements allowed correlation of PC generation with PL from 
the specific emissive species in the device: PFB, F8BT and exciplex. The morphological 
regions of the device with the highest amount of PC generation were found to change 
under different illumination sources. 
3.2 EXPERIMENTAL METHODS 
Materials were purchased from American Dye Source and used as is. PFB had a 
molecular weight of 12.5 kDa, while F8BT had a molecular weight of 28 kDa. Both 
polymers had a 2.2 polydispersity index (PDI). 
‘Bulk’ Absorbance and Photoluminescence measurements: Absorbance 
measurements were collected using an ultraviolet-visible (UV-VIS, Agilent 8453) 
spectrometer and photoluminescence measurements were collected using a Fluorolog-3 
(Horiba Jobin-Yvon) fluorometer. 
Atomic Force Microscopy (AFM) topography measurements were performed in 
tapping mode using a Veeco Dimension 3100 AFM with a Nanoscope IV controller and 
cantilevers with resonance frequency of around 300 kHz from Vista Probes (T300R). 
PV Device Fabrication: Indium Tin Oxide (ITO) was washed with detergent 
(Alconox) and water, rinsed with de-ionized water and sonicated in iso-propanol and 
acetone for ten minutes each. Two types of ITO were used both with a sheet resistance of 
5-15 Ohms but on different thicknesses of glass. One type of ITO on thicker glass (1.1 
mm thick) was purchased from Delta Technologies, Inc. (CB-50IN-0111). For scanning 
PC and PL microscopy measurements, devices were fabricated using ITO on cover glass 
(0.13 -0.17 mm thick) as purchased from Evaporated Coatings, Inc (09UTA507-A). This 
allowed for use of oil immersion optics for improved resolution. 
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The ITO was plasma etched at 50 W power under 40% oxygen atmosphere 
followed by spin casting onto the ITO a ~40 nm thick layer of PEDOT:PSS (poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate); Clevios P VP AI 4083 from HC Stark). 
Before spin coating, the PEDOT:PSS solution was sonicated for fifteen minutes and then 
filtered through a 0.45 micron PVDF filter. After spin coating, the PEDOT:PSS layer was 
annealed in air at 140°C for ten minutes after which the substrates were transferred to a 
nitrogen filled glove box (Mbraun).  
A 1:1 ratio by weight solution of PFB:F8BT in either p-xylene or chloroform was 
prepared; 17 mg of each polymer for 1 mL p-xylene or 5 mg of each polymer for 1 mL 
chloroform. After the polymers were dissolved the solution was filtered through a 0.1 
micron Teflon filter before spin casting. The devices cast from a chloroform solution 
were spin cast at 3000 RPM, and had a thickness of 90 ±	  20	  nm.	  These	  PVs were used 
for external quantum efficiency (EQE) measurements while the devices cast from p-
xylene were used for the scanning PC and PL microscopy studies. The solution in p-
xylene was filtered through a 0.1 micron Teflon filter before being spin cast at 1600 RPM 
to yield a 150 ±	  20	  nm	  thick	  PFB:F8BT	  layer.	  The devices were completed by thermally 
evaporating around 100 nm of aluminum (Al) in a vacuum chamber in the glove box. The 
Al was deposited through a shadow mask at a rate of around 0.8 Angstroms/second and a 
pressure of around 7x10-7 Torr. Under nitrogen atmosphere the completed devices were 
transferred to another nitrogen filled glove box (Mbraun) where ‘bulk’ current-voltage 
(IV) characteristics and an EQE spectrum were measured. The devices were encapsulated 
using Torr Seal and another glass substrate before being taken out of the glove box for 
scanning PC and PL microscopy measurements. After encapsulation, ‘bulk’ PV 
measurements were retested to confirm no damage to the device had occurred during the 
encapsulation process. 
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‘Bulk’ PV Characterization: The conventional IV characteristics of the devices 
were measured using a Keithley 2400 general purpose sourcemeter. The illumination 
source used was a Xenon lamp solar simulator (Newport) with an AM1.5 filter. The lamp 
intensity to 100 mW/cm2 was set using a NIST calibrated silicon photodiode. The 
external quantum efficiency (EQE) measurements were performed by spectrally 
separating particular wavelengths of light from the Xenon lamp solar simulator with a 
monochrometer (Newport Cornerstone 260 1/4M), the light was not passed through the 
AM 1.5 filter in the EQE measurement. The incident light was chopped at 214 Hz and PC 
was measured in a Lock-in amplifier (Stanford Research Systems, SR830).  The spectral 
light intensity was determined through use of calibrated silicon (Hamamatsu) and 
germanium (Judson) photodiodes. All ‘bulk’ characterization of the devices were 
collected through the transparent ITO electrode. 
The Scanning PC and PL Microscopy experiment localizes the measurement of 
PV and optical properties in a functional PV device through illuminating only a small 
region of the device at a time and measuring the light induced properties from that region. 
This experimental setup is similar to the one previously described.29 The incident laser 
light is focused onto the photoactive layer of the PV device through an oil immersion 
microscope objective (Zeiss) with a 1.25 numerical aperture and 100x magnification. 
This focused laser spot is around 250 nm in diameter for the incident wavelengths used in 
the reported experiments. One illumination source was a 408 nm diode laser (Coherent) 
and the other illumination source was the 488 nm line from an Argon-ion laser (CVI 
Melles Griot). The typical laser power used for scanning PC and PL images was 2.75 µW, which results in an incident power density of around 5.6 kW/cm2 being focused onto 
the sample through the objective. Even with these high laser powers no significant 
alteration of the device was observed after scanning. With a piezoelectric stage (Physik 
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Instrumente, E-501.00) mounted onto an inverted microscope (Nikon Diaphot 300), the 
sample was raster scanned over this focused illumination spot and PC and PL 
measurements were collected at each step. This allowed image maps of variation in PC 
generation and optical properties to be created pixel by pixel. 
The PC generated from the illuminated region of the device is measured through a 
pre-amplifier (Stanford Research Systems, SR570). For further noise filtering the incident 
laser light is chopped (Thorlabs optical chopper, MC2000) at a frequency of 150 Hz and 
the resulting oscillating PC signal was sent through the pre-amplifier to a DSP (digital 
signal processing) Lock-in amplifier (EG&G, 7220) for detection. 
The PL from the illuminated region of the device is collected back through the 
same microscope objective and imaged through a spectrometer (Acton Research 
Corporation, model 150) onto an em-CCD (electron multiplying charge coupled device, 
the iXon 885 from Andor Technology). This setup allowed for collection of a PL 
spectrum, with a wavelength range of 160 nm, at each pixel in the image. However, the 
wavelength range needed to gain information about the PL from PFB, F8BT and exciplex 
is around 270 nm. Thus, with each scan the angle of the diffraction grating in the 
spectrometer was set to measure either the wavelength range from 425 to 585 nm (PFB-
PL and F8BT-PL) or from 530 to 690 nm (F8BT-PL and exciplex-PL). From these data, 
images of the PL intensity from PFB, F8BT and exciplex were generated through 
integration of each local spectrum over a wavelength range unique to each emissive 
species. The integrated wavelength ranges used were: 435 to 475 nm for PFB-PL, 530 to 
570 nm for F8BT-PL and 620 to 685 nm for exciplex-PL. As the F8BT-PL tail tends to 
dominate the low intensity exciplex-PL, a pure F8BT-PL spectrum was subtracted from 
each local spectrum. Before subtraction, the pure F8BT-PL spectrum was scaled to the 
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emission intensity of the local spectrum at 560 nm, a wavelength dominated by F8BT 
emission. 
Local voltage-dependent photocurrent (LVPC) measurements were collected by 
repositioning the device so the illumination beam was located on a particular region of 
interest from the device. A bias voltage was applied to the device with a Keithley 2400 
sourcemeter while the PC generated was measured in the same fashion as described 
earlier for the PC image maps. LabTracer 2.0 software (from Keithley Instruments, Inc.) 
was used to sweep the applied bias. For LVPC measurements at 408 and 488 nm the 
same laser power was used of around 215 nW, which resulted in an incident power 
density of around 440 W/cm2 being focused onto the sample through the objective. Data 
processing of the LVPC measurements was performed as previously described.29 
3.3 RESULTS AND DISCUSSION 
Figure 3.1a shows the absorbance bands of a thin film of pure PFB and pure 
F8BT, along with the absorbance of a blend film spin cast from p-xylene (the same 
conditions used to make the active layer of the devices used in this study). There is little 
overlap of the absorbance of the two polymers at wavelengths above 350 nm. As the 
absorbance and emission bands of these two polymers are separated in energy space, it is 
possible to selectively illuminate one or both polymers and determine the emission 
intensity from each polymer specifically. In this work, local PV and optical properties are 
measured with two different illumination sources. One, at 488 nm is only absorbed by 
F8BT (marked by light blue line in Figure 3.1a). The other illumination source at 408 nm 
is absorbed by both of the polymers (marked by purple line in Figure 3.1a). Through 
fitting the PFB:F8BT film absorbance with a linear combination of the pure polymer 
films absorbance spectra, it was estimated that PFB absorbs about 2.5 times that of F8BT 
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at 408 nm. The EQE of a PFB:F8BT PV device spin cast from chloroform (supporting 
information), traces the absorbance profile of the PFB:F8BT film. The correlation of 
EQE with film absorbance, demonstrates PC is generated in this PV system regardless of 




Figure 3.1: a) The absorbance spectra from films of pure F8BT, pure PFB and a 
PFB:F8BT blend spin cast from chloroform. The purple and light blue 
vertical lines are representative of the two excitation wavelengths used in 
this work: 408 nm and 488 nm laser light, respectively. b) Normalized PL 
spectra from films of pure PFB, pure F8BT and the exciplex. The exciplex 
PL spectrum was determined by subtracting the spectrum of pure F8BT 






The emission bands of pure PFB and F8BT films are also separated in 
wavelength. Figure 3.1b shows the PL spectra from the three emissive species present in 
a PFB:F8BT blend film: a PL spectrum from a pure PFB film, a pure F8BT film and an 
estimated PL spectrum for the exciplex. The exciplex PL spectrum was estimated by 
subtracting the pure F8BT film PL spectrum from a PL spectrum of the polymer blend 
film spin cast from chloroform, due to the fine scale intermixing of PFB:F8BT in this 
film the exciplex emission is more pronounced than in films spin cast from p-xylene.  
The exciplex-PL is attributed to radiative charge recombination from an excited state that 
is delocalized over a PFB and F8BT heterojunction.30,31 A PL spectrum from 430 to 700 
nm shows the PL intensity from PFB, F8BT and exciplex.  
Figure 3.2 shows representative local voltage-dependent photocurrent (LVPC) 
measurements taken from regions of interest in the PV at either 408 nm or 488 nm 
illumination light. Numerous LVPC measurements were collected from regions of high 
and low PC or PL. The observed result is that the local diode characteristics and voltage 
at zero PC do not vary significantly for different regions of the device. The largest 
variations in PV performance are in the magnitude of the PC generated from each region, 
a value best observed by the magnitude of the PC at zero bias in the LVPC measurement. 
From these data it was concluded that image maps of the PC generation under zero bias 
voltage are sufficient to characterize the variations in PV performance across the device. 
Thus, all scanning PC and PL microscopy images reported here were collected under zero 




Figure 3.2: Graph of local voltage-dependent photocurrent (LVPC) measurements 
collected from regions of interest in a PFB:F8BT PV device with 408 nm 
light (blue trace) or 488 nm light (red and green traces). While many LVPC 
measurements were taken, the ones shown are representative of the 
differences in diode characteristics observed between regions. The shape of 
the traces are only significantly different in the magnitude of the PC 
generated, which is best observed by the value of PC at zero bias. 
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One set of scanning PC and PL microscopy images collected with 408 nm 
illumination are shown in Figure 3.3. While both polymers are absorbing light at this 
wavelength, it is estimated from bulk measurements that PFB absorbs about 2.5 times 
more light than F8BT. The simultaneously collected PC and PL spectra (from 425 to 585 
nm) are used to create the image maps of local PC (Figure 3.3a), PFB-PL (Figure 3.3b), 
F8BT-PL (Figure 3.3c) and total-PL (Figure 3.3d).  The contrast in the images appears to 
be dominated by the micro-scale morphological variations of the PFB:F8BT film; As the 
lateral contrast variations in intensity of these images are on a similar length scale to the 
micro-scale domains observed in an AFM topography image of a similar PFB:F8BT film 
to the one used in the device studied.  
The total-PL and F8BT-PL images have the same contrast fluctuations. This 
shows the two images are highly correlated, demonstrating that the total-PL is dominated 
by F8BT-PL. This may be due to the higher PL quantum yield of F8BT than PFB; a pure 
F8BT film has been shown to have roughly a 4x higher PL efficiency than a pure PFB 
film.16 In addition, fluorescence resonance energy transfer (FRET) is known to occur 
from PFB to F8BT.32 Both of these factors result in the majority of the emission from the 
film coming from F8BT.  The F8BT-PL with PFB-PL the images also show similar 
lateral features, however, the contrast of the images is inverted. This means the two 
images are anti-correlated, demonstrating that regions of more PFB-PL have less F8BT-
PL and vice versa. As neither the PFB-PL or F8BT-PL images reach zero intensity, the 
micro-scale domains in the film are not pure and the device consists of alternating PFB-





Figure 3.3: a) PC image map collected with 408 nm illumination and simultaneously 
collected PL images corresponding to b) PFB-PL, c) F8BT-PL and d) total-









Figure 3.4: Line scans taken from the highlighted scan-lines shown on the images in 
Figure 3.3. a) Compare PFB-PL with F8BT-PL, b) compares PC with PFB-






The PFB-PL and PC image appear to be anti-correlated, however, this result is not 
as obvious from observation of the images. A more direct comparison of intensity 
fluctuations between images is obtained through a graph of the same single scan-line of 
each image. Figure 3.4 displays graphs comparing intensity fluctuations extracted from 
the same scan-line in the PC, PFB-PL and F8BT-PL images (the scan-line used is 
highlighted on the images in Figure 3.3). The PC and PFB-PL line scans (Figure 3.4b) 
clearly displays anti-correlation in contrast. The anti-correlation of contrast in the PFB-
PL and F8BT-PL images is also confirmed through the line scan comparison (Figure 
3.4a). It logically follows that the PC and F8BT-PL images are correlated in intensity 
contrast, a result highlighted by the line scan comparison shown in Figure 3.4c. The 
correlation of the F8BT-PL and PC images shows that the most is generated in the F8BT-
rich domains under 408 nm illumination. 
A more thorough analysis, that uses data from the entire images to determine 
correlation or anti-correlation of intensity fluctuations, is a statistical linear correlation 
test (supporting information). This analysis calculates a linear correlation coefficient (r) 
between the two images. The value of r can range from -1 (completely anti-correlated) to 
1 (completely correlated). A high, positive r of +0.9984 ± 0.0005 was calculated between 
the F8BT-PL and total-PL images (Figures 3.3c and 3.3d), confirming the two images are 
almost identical. The phase segregation of the polymers into micro-scale domains is 
observed from the anti-correlation between the images of F8BT-PL and PFB-PL (Figures 
3.3b and 3.3c), the images have a negative value of r, -0.695 ± 0.006. The most 
interesting result is the correlation of the images of PC and F8BT-PL, which shows a 
strong positive correlation, r of +0.350 ± 0.008. Conversely, the PFB-PL and PC are anti-
correlated with a negative r of -0.447 ± 0.008. This analysis confirms the main 
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conclusion from these data; with 408 nm illumination (where mostly PFB absorbs), the 
PC generation is highest in the F8BT-rich domains.  
For examination the exciplex-PL, another set of scanning PC and PL microscopy 
data were collected under 408 nm illumination, with the local PL spectra collected over a 
different wavelength range (530 to 690 nm), Figure 3.5. The PC and PL spectra 
measurements are used to create the image maps of local PC generation (Figure 3.5a), 
exciplex-PL (Figure 3.5b), F8BT-PL (Figure 3.5c) and total-PL (Figure 3.5d). As these 
data were collected under the same illumination wavelength as the data shown in Figures 
3.3 and 3.4, it was possible to re-affirm the trends observed in the previously described 
data. The same trends were observed with F8BT-PL and total-PL images being basically 
identical (Figures 3.5c and 3.5d; r = +0.9965 ± 0.0007) along with the PC and F8BT-PL 
images being correlated (Figures 3.5a and 3.5c; line scans in Figure 6a; similar 
magnitude positive value of r equal to +0.328 ± 0.008).  
The additional feature of these data was comparison of images with that of 
exciplex-PL intensity. As the F8BT-PL tail tends to overshadow any exciplex-PL, a pure 
F8BT-PL spectrum was subtracted from each local PL spectrum after being scaled to the 
intensity of the local spectrum at 560 nm, a wavelength with only F8BT-PL. The 
intensity fluctuations in the exciplex-PL image do not appear to be particularly similar to 
the other PC and PL images, along with showing some unique features. The overall effect 
was calculated to be that the exciplex-PL is correlated with PC generation (Figures 3.5a 
and 3.5b, r = +0.127 ± 0.008). From this fact and that F8BT-PL and PC generation are 
correlated, it follows that exciplex-PL and F8BT-PL are correlated (Figures 3.5b and 
3.5c; r = +0.136 ± 0.008). However, there are also some distinct regions of anti-
correlation between exciplex-PL and both PC generation and F8BT-PL. This latter fact is 
highlighted in the scan-line graphs of Figures 3.6b and 3.6c, respectively. 
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Figure 3.5: a) PC image map collected with 408 nm illumination and simultaneously 
collected PL images corresponding to b) exciplex-PL, c) F8BT-PL and d) 









Figure 3.6: Line scans taken from the highlighted scan-lines shown on the images in 
Figure 3.5. a) Compares PC to F8BT-PL, b) compares PC with exciplex-PL 






The main conclusion from these data is that the exciplex-PL is not a significant 
radiative loss mechanism for PC generation, as the PC and exciplex-PL images are not 
strongly anti-correlated. Results from the literature have suggested exciplex-PL is at 
highest intensity when there is the most intermixing of the PFB and F8BT.28 Thus, the 
intensity fluctuations in the exciplex-PL image may highlight subtle variations in the fine 
scale intermixing of the two polymers, where the highest intensity exciplex-PL has the 
most polymer intermixing and vice versa.  
In order to observe the local properties when only F8BT is illuminated, a third set 
of scanning PC and PL microscopy data were collected under 488 nm illumination, a 
wavelength where only F8BT absorbs light. Figure 3.7 shows the corresponding images 
of PC generation (Figure 3.7a), exciplex-PL (Figure 3.7b), F8BT-PL (Figure 3.7c) and 
total-PL (Figure 3.7d). The total-PL intensity is again dominated by the F8BT-PL 
intensity, as the images of total-PL and F8BT-PL are basically identical (r = 0.9975 ±	  0.0006). However, the contrast in the PC image appears to be inverted with the F8BT-PL 
image. This is opposite to the result observed under 408 nm illumination. The anti-
correlation of PC and F8BT-PL under 488 nm illumination is confirmed through 
comparison of the same scan-line in the PC and F8BT-PL image, Figure 3.8a, along with 
a negative value of r, -0.383 ±	  0.007. This means the PFB-rich regions produce the most 
PC when illuminating only F8BT. Thus, once again the regions with the least 
concentration of absorber material are producing the most PC. 
The exciplex-PL image again shows more complex intensity fluctuations than the 
other PC and PL images collected under 488 nm illumination. The overall effect was 
calculated to be similarly correlated with F8BT-PL (r = +0.252 ± 0.008), but anti-
correlated with the PC image (r = -0.234 ± 0.008). Line scans comparing exciplex-PL to 
 68 
F8BT-PL (Figure 3.8c) and exciplex-PL to PC generation (Figure 3.8b) show distinct 
regions of correlation and anti-correlation with both. 
The main result from this work is that when only F8BT is illuminated (488 nm) 
the most PC is generated in the PFB-rich domains, but when both polymers are 
illuminated (408 nm), the opposite is observed, and the most PC is generated in F8BT 
rich domains. As the contrast in the PC image maps is reversed with 408 nm illumination 
(both polymers but mostly PFB absorbtion) when compared to the PC image under 488 
nm illumination (only F8BT absorbtion), the effect of PFB illumination must overshadow 
the F8BT illumination when using 408 nm light. Thus, the conclusion is that the lesser 
the concentration of the polymer absorbing the light, the greater the PC generation. If PC 
generation differences resulted from better charge transport or collection in a particular 
domain type, one would expect the same domains to produce the most PC under both 
illumination conditions. Thus, the differences in PC image maps must then be due to 
either better charge separation or less charge recombination in the regions that have a 
lower concentration of the absorbing polymer. The better charge separation from 
illuminating the minority polymer is likely a result of the fact that the lower concentration 
polymer is always closer to the heterojunction than the higher concentration polymer. 
The observed result may also be due to vertical absorbance profile variations in the 
device. As the polymers both have a high absorbance, when the absorber is most 
concentrated a substantial amount of the incident light may be absorbed near the 
substrate, preventing a more comprehensive illumination of the bulk heterojunctions 
located in that region. While charge carrier recombination could be either radiative or 
non-radiative, the radiative recombination does not appear to be a significant loss 
mechanism in these devices as observed through the exciplex-PL and the fact that under 
408 nm illumination, PC and total-PL images are correlated.  
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Figure 3.7: a) PC image map collected with 488 nm illumination (only F8BT absorbs 
light) and simultaneously collected PL images corresponding to b) exciplex-
PL, c) F8BT-PL and d) total-PL. The units of the PL are in counts/channel 







Figure 3.8: Line scans taken from the highlighted scan-lines shown on the images in 
Figure 3.7. a) Compares PC generation to F8BT-PL, b) compares PC 
generation with exciplex-PL and c) compares F8BT-PL with the exciplex-







Morphological effects on PV performance in PFB:F8BT devices were studied 
through local illumination of the device. Through LVPC measurements, it was observed 
that diode characteristics did not change between regions of different morphology, except 
in regard to the amount of PC generated. Thus, variations in PC generation across the 
device were sufficiently characterized by PC image maps collected at zero bias. The PL 
intensity was dominated by F8BT-PL under both of the illumination wavelengths used. 
Image maps of PFB-PL and F8BT-PL were strongly anti-correlated and showed an 
alternating network of PFB-rich and F8BT-rich domains on the length scale of 0.5 to 1 
microns. A comparison of PC image maps with the PFB-PL and F8BT-PL images 
allowed for determination of which domains produced the most PC generation. This 
analysis showed that the domains that produced the highest PC generation were opposite 
under the different illumination wavelengths. Excitation of only the F8BT polymer with 
488 nm illumination resulted in the most PC generated within the PFB-rich domains, 
while excitation of both polymers (but mostly PFB) with 408 nm illumination produced 
the most PC generation in the F8BT-rich domains. Thus, the morphology that contains 
the least amount of absorber material is the most effective at PC generation. This effect 
may be explained by the fact that the lower concentration polymer will always be closer 
to a heterojunction with the other material, which would increase charge separation 
efficiency in these regions. Another explanation may be from substantial variation in the 
vertical absorbance profile of the regions most concentrated in the absorber material. 
Through comparison of the PC image maps with the exciplex-PL images, the exciplex-
PL was found to not be a significant radiative loss mechanism for charge carriers. 
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3.5 SUPPORTING INFORMATION 
In this work, devices spin cast from p-xylene were studied rather than the typical 
devices cast from chloroform. Devices spin cast from chloroform have less time to phase 
separate than devices cast from p-xylene, due to quicker evaporation of chloroform. 
While the fine intermixing of donor and acceptor in devices cast from chloroform are 
shown to produce the highest PV efficiencies for this system,16 the phase separation is 
below the resolution of the microscope technique used. Thus, in order to determine the 
morphological effects of micro-scale phase separation, PV devices spin-cast from p-
xylene were studied.  
One method to determine the morphological differences in PFB:F8BT films spin 
cast from chloroform or p-xylene is through AFM topography images (Figure 3.9). As 
the PFB forms a wetting layer on a substrate any phase separated domains, if present, are 
identifiable through a topographic AFM image: low-lying PFB-rich domains and high-
lying F8BT-rich domains.14,17 The length scale of the phase separated domains is on the 
order of 0.5 to 1 microns in the film spin cast from p-xylene (Figure 3.9a) while no 
micro-scale phase separation is observed in the film spin cast from chloroform (Figure 
3.9b). 
Performance of the p-xylene spin cast PVs were found to yield around an order of 
magnitude less power conversion efficiency (PCE) than those spin cast from chloroform, 
Figure 3.10. This is due to the higher Jsc and Voc observed for a device spin cast from 
chloroform. The low FF observed in these devices is partially attributed to a Schottky 
barrier between polymer and the aluminum electrode and/or the fact that the materials 
may be slightly photoconductive. A deposition of a thin layer of calcium in between the 
PFB:F8BT and aluminum layers would lead to an Ohmic contact and may improve the 
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FF.33 Details of the ‘bulk’ characterization experimental setup for these measurements are 
listed in the experimental section. 
Another ‘bulk’ characterization method used was to measure a spectrum of the 
EQE of a PFB:F8BT device spin cast from chloroform (Figure 3.11). The EQE spectrum 
was shown to trace the absorbance spectrum of the PFB:F8BT blend film. The correlation 
of EQE with film absorbance demonstrates PC is generated in this PV system regardless 
of which polymer is being illuminated. This is expected as PFB and F8BT form a type II 
semiconductor heterojunction where charge separation is energetically favorable 
regardless of which polymer is absorbing the incident light.12,34 The magnitude of the 
EQE values are comparable to others reported in the literature.16,35,36 At the illumination 
wavelengths used in this work, the device is slightly more effective at 408 nm as 
compared to 488 nm in the bulk. This is also observed in the PC images, as the 
magnitude of the PC collected under 408 nm illumination shows slightly higher values 
than the images taken with 488 nm illumination. 
Statistical Linear Correlation Test: The statistical linear correlations of the 
images compared in the main text were performed in IGOR Pro Version 6.22A using the 
“statslinearcorrelationtest” function. This analysis determined the linear correlation 





Then, using equation 2 the standard error (sr) of r is calculated. 





Figure 3.9: AFM topography images of PFB:F8BT film spin cast onto a glass substrate 
from (a) chloroform and (b) p-xylene solution. The parameters were the 
same as those used for the PV devices fabricated from chloroform or p-















Figure 3.10: ‘Bulk’ Current density-voltage characteristics of an 
ITO/PEDOT:PSS/[PFB:F8BT]/Al PV device with the PFB:F8BT layer spin 






Figure 3.11: Shows the absorbance profiles from films of pure PFB (blue), pure F8BT 
(green), a blend of PFB:F8BT (tan) and the EQE (orange) of a PFB:F8BT 
PV device spin cast from chloroform. The two lines represent the 
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Chapter 4: The Effects of Aggregation on Electronic and Optical 
Properties of Oligothiophene Particles 
This chapter was reproduced in part from: Ostrowski, D. P.; Lytwak, L. A.; Mejia, 
M. L.; Stevenson, K. J.; Holliday, B. J.; Vanden Bout, D. A., The Effects of Aggregation 
on Electronic and Optical Properties of Oligothiophene Particles. Acs Nano 2012, 6, 
5507-5513. 
4.1 INTRODUCTION 
New environmentally friendly energy sources are needed to meet the world’s 
increasing demand for energy.1 Solution processable photovoltaic materials show 
promise due to their low cost and scalability. However, the efficiency of these 
technologies remains well below the threshold required for commercial viability.2 One 
factor affecting the photovoltaic properties of these materials is molecular morphology, in 
particular, the extent to which a molecule is electronically coupled (aggregated) to 
neighboring molecules.3-5 Within a solution deposited thin film, the local morphology has 
been observed to vary substantially across the film, ranging from amorphous to highly 
aggregated.6-11 Thus, design and control of optimized materials for efficient charge 
separation requires a fundamental understanding of the role that these morphological 
variations have on the optical and electronic properties of a material. 
This work presents a study of how morphology, specifically molecular 
aggregation, affects optical and electronic properties. Different solution processing 
conditions were used to produce a variety of particle morphologies from the same 
conjugated small molecule. While this method produced numerous random and 
undistinguishable particles, there were also a number of consistently occurring particle 
shapes formed that were microscopically identifiable. These identifiable particles were 
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found to have similar optical and electronic properties as other particles of the same 
shape. However, distinct optical and electronic properties were observed for each 
different shape of particle studied. Typically, differences in molecular aggregation result 
in variations of the optical properties of the aggregates.12,13 Herein, we show that 
molecular aggregation also affects the electronic properties of the molecules, in particular 
the LCP difference of the material as deduced from KPFM measurements. This variation 
of the electronic properties with morphology has clear implications for understanding the 
relative energy level changes of organic materials in solution-processed films used for 
bulk heterojunction photovoltaics.  
4.2 EXPERIMENTAL METHODS 
Materials, Molecule and Particle Synthesis: The 3’,3’’’’,4’,4’’’’-tetraoctyl-
2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’:5’’’’,2’’’’’-sexithiophene (O6T) particle fabrication included 
dissolving the molecule in a “good” solvent (one O6T is soluble in) at 5 mM 
concentration and injecting 100 μL of that solution into 10 mL of a stirred “bad” solvent 
(one O6T is only partially or not soluble in). The “good” solvents used include 
tetrahydrofuran (THF) and hexanes; the “bad” solvents used were nanopure water (H2O), 
methanol (MeOH) and ethanol (EtOH). It is important that the solvent combination used 
be miscible. The particles from each solvent combination were isolated onto glass 
substrates through drop casting. 
Fluorometer: The ensemble fluorescence images were collected with a SPEX 
Fluorolog 1 from Horiba Jobin Yvon that was controlled with LabVIEW. The excitation 
source was a 450 W Xenon lamp and two photomultiplier tube modules from Hamamatsu 
were used for detection of excitation and emission intensity. 
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Kelvin probe force microscopy (KPFM): A Veeco Dimension 3100 atomic force 
microscope (AFM) with a Nanoscope IV controller was used to collect both the 
topographic and surface potential images. The cantilevers used were from MikroMasch 
(CSC21/Cr-Au) and had a  ~ 105 kHz resonant frequency and 2.0 N/m spring constant. 
Images were collected under dark conditions in attractive mode with a lift height around 
40 nm and drive amplitude around 2.5 V. For setting the drive phase, a standard sample 
step edge of chromium to gold metal was utilized. Typically, a drive phase of ~40° was 
used. As the absolute voltage of the instrument would drift over time, the particles 
surface potential was measured relative to the glass substrate through a plot profile 
analysis as shown in Figure 4.7. Numerous measurements were collected from different 
particles of each shape and the reported surface potential differences were obtained by 
comparing the average of those values. The error in measurements were determined by 
error propogation of the noise in the instrument (~7.5 mV) with the standard deviation of 
the average potentials. The noise in the instrument was determined from the fluctuations 
in surface potential on a gold film. 
Polarized Scanning Confocal Microscopy and Individual Particle Spectra. The 
confocal images were collected using a laboratory built microscope. The 408 nm 
excitation beam from a Coherent diode laser was focused onto the sample through a 60x 
Nikon objective with 0.7 numerical aperture. The fluorescence was collected through the 
same objective and isolated from the excitation with a dichroic mirror. A cube polarizing 
beam splitter was used to separate the fluorescence into two orthogonal polarizations that 
were imaged onto two Perkin Elmer avalanche photodiodes (APDs). The polarizations 
were defined as Ix and Iy, with X and Y defined in terms of the lab plane. The sample was 
scanned through a two-dimensional piezo stage from Queensgate Instruments that was 
controlled by LabVIEW. After scanning, the LabVIEW program could be used to move 
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the piezo stage to points of interest on the sample and the fluorescence rerouted from the 
APDs to an Acton spectrometer connected to a liquid nitrogen cooled charged coupled 
device (LN-CCD) from Princeton Instruments for collection of localized fluorescence 
spectra. The Gaussian fits to the spectra were performed with the Multipeak Fitting 2 
analysis in Igor Pro. 
4.3 RESULTS AND DISCUSSION 
The structure of the oligothiophene molecule, 3’,3’’’’,4’,4’’’’-tetraoctyl-
2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’:5’’’’,2’’’’’-sexithiophene (O6T), used in this work is shown 
in the  inset of Figure 4.1. Particles of O6T were fabricated by injecting 100 μL of an 
O6T solution into 10 mL of a stirred ‘bad’ solvent (one O6T is only partially or not 
soluble in but that is miscible with the solvent used for the initial solution of O6T). As the 
O6T molecules are forced out of solution, O6T particles are formed. The resulting 
colloidal suspension of O6T particles can then be drop cast onto a substrate. Drop casting 
isolates the particles, allowing for optical and electronic studies of individual aggregates. 
Once isolated, the particles were studied with a variety of characterization techniques 
including: fluorescence spectroscopy, polarized scanning confocal microscopy, scanning 
electron microscopy (SEM), atomic force microscopy (AFM) and Kelvin probe force 
microscopy (KPFM). 
The ensemble average emission spectrum (collected from a substrate containing a 
set of deposited particles from a particular solvent combination) were studied with a 
standard fluorometer. Figure 4.1 shows these ensemble emission spectra from the 
particle sets prepared from different solvent combinations, along with the spectra from 
solvated O6T molecules in a tetrahydrofuran (THF) solution. The solvated emission 




Figure 4.1:  Emission spectra from the O6T particles that resulted from solution 
processing with different solvent combinations, along with the spectrum of 
O6T in THF solution. The solution spectrum was shifted 8.5 nm higher in 
wavelength to allow better comparison with the other spectra. The particles 































 mode. The emission spectrum of the particle sets are similar, except with regard to the 
intensity of the highest energy 0-0 vibronic band, which varies in intensity as the solvent 
combination is changed. Theoretical work from Spano et al. has shown that the 
suppression of the 0-0 vibronic band in the emission spectrum to be a characteristic of 
weakly coupled H-aggregates, with the intensity of the 0-0 band in the emission spectrum 
being related to the extent of energetic disorder present in the aggregate.13,14 Figure 4.1 
demonstrates that the 0-0 band intensity varies between particles prepared from different 
solvent combinations, indicating that the nature of these aggregates could be tuned 
through solution processing. 
For investigating the geometric heterogeneity and physical shape of the particles, 
AFM and SEM were used. For any given particle sample set from a particular solvent 
combination, a number of identifiable morphologies were observed along with other 
aggregates of less defined morphology. As the identifiable particles had a distinct and 
reproducible shape, it was possible to classify particular aggregates as belonging to one 
or another morphology and to correlate their optical and electronic properties as 
measured in two distinct experiments. The main morphologies targeted for this study 
were those formed from the THF/H2O and THF/methanol (“good”/”bad”) solvent 
combinations. These samples contained paticles that clustered into a small number of 
distinct shapes.  
To study the optical properties of individual particles, polarized scanning confocal 
microscopy was used (see Experimental Methods section). As a substrate containing 
isolated particles was raster scanned over the focused 408 nm excitation light, two-
dimensional emission images were collected point by point in two orthogonal emission 
polarizations. After collecting these images, the excitation source could be repositioned 
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onto a specific particle identified in the image to collect an emission spectrum of that 
individual particle. This allowed for correlation of particle shape and optical properties.  
Figure 4.2a shows a fluorescence image collected from particles made from the 
THF/H2O solvent combination. Two types of particles, identifiable by shape, were 
studied from this sample: the cylindrical particles called discoids and the oblong particles 
called ellipses. The two morphologies are identified in Figure 4.2a with green dots 
(discoid) and light blue dots (ellipse). Emission spectra were collected from a large 
number of discoid and ellipse particles to compare the two morphologies. Spectra 
collected from numerous particles of the same shape only showed slight spectral 
variations as shown in Figure 4.2b. Thus, different particles of the same shape possess 
similar morphological properties and molecular aggregation. Since nearly identical 
emission spectra are observed for similarly shaped particles, the spectra for numerous 
particles of each shape can be averaged together to better compare the two morphologies. 
The averaged fluorescence spectra from both ellipse and discoid particles are 
shown in Figure 4.2c. The emission spectra for discoids and ellipses are similar except 
with regard to the intensity of the 0-0 vibronic band. There is the possibility that this is 
simply an effect of self-absorbance. However, the epi-illumination and collection 
geometry of the microscope allows for the same absorption and emission depths from 
each particle measured; thus, any self-absorbance would be consistent for all particles. 
Additionally, some particles have essentially no 0-0 vibronic band emission intensity, 
which could not result solely form self-absorption given this geometry. There is also a 
lack of consistent correlation between particle brightness (which is an indication of 
particle thickness) and decreased intensity of the 0-0 vibronic band. As a result this 0-0 
vibronic band suppression is attributed to H-aggregate formation. For strongly coupled 
H-aggregates one would expect no fluorescence as the emission is completely symmetry   
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Figure 4.2: a) Total fluorescence image obtained from scanning confocal microscopy of 
the THF/H2O solvent combination particles drop cast onto a glass substrate. 
The intensity scale ranges from 100 to 37,500 counts. b) Individual spectra 
of particles were collected at the blue points (ellipse) and green points 
(discoids) marked in image (a). c) Averaged spectra taken from numerous 



















































forbidden. However, for weakly coupled H-aggregates, only the 0-0 vibronic band is 
forbidden. This transition can be weakly allowed due to the breaking of symmetry in the 
aggregate by energetic disorder.13,15 This disorder is characterized by two factors: the total 
energetic disorder (σ) and the spatial correlation of the disorder (β).14,16 The intensity of 
the 0-0 emission peak is also affected by the free exciton bandwidth (W) and the Huang-
Rhys factor (λ2). From Figure 4.2c, it is observed that both the ellipse and the discoid 
spectra show some emission in the lowest energy 0-0 peak, but this emission is clearly 
suppressed when compared to the peak ratios of the O6T molecule isolated in a THF 
solution. To quantify the changes in the 0-0 vibronic band intensity, each emission 
spectrum was fit to a vibronic emission model consisting of a series of four Gaussian 
peaks separated by equal amounts of energy spacing (details and Figures of the fits are 
included in the Supporting Information). The ratios of 0-0 to 0-1 band intensity were 
quantified from the Gaussian fits to the experimental data, and were 0.29, 0.64 and 0.93 
for the ellipse, discoid and solution spectra, respectively. The width of the peaks is 
reflective of the total energetic disorder (σ). Since the same peak width could be used to 
fit all the particle spectra, the value of the total energetic disorder (σ) is the same for all 
particles studied. Additionally, the Huang-Rhys factor (λ2) is inherently the same for all 
the aggregates. The Huang-Rhys factor was determined to be 1.07 from the spectra of 
O6T molecules in solution. There are only two other parameters that can affect the 
intensity ratio of the 0-0 to 0-1 vibronic peaks: the values β and W.14,16 To estimate 
possible variations in β, between the morphologies, an approximate value for W of 2000 
cm-1 was used based on the results of previous studies.15,17 The value of β, which can 
range between 0 and 1, was determined to be 0.37 and 0.65 for discoid and ellipse 
particles, respectively. From β the spatial correlation length (ℓ𝓁!) in dimensionless units of 
lattice spacing is determined through the relationship ℓ𝓁! =   −1/ln  (𝛽).16 The spatial 
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correlation length was found to range from 1.0 for discoid particles to 2.3 for ellipse 
particles. This shows in the ellipse particles the energetic disorder is correlated over a 
little more twice as many molecules as in the discoid particles.  
One possible source for the energetic disorder in the particles is geometric 
irregularities in the molecular packing. To compare the molecular order within each 
particle, polarized confocal images were collected to examine the emission polarization 
of each particle. The fluorescence collected during scanning confocal microscopy 
imaging of the sample was sent through a polarizing beam splitter, allowing for collection 
of the two orthogonal emission polarizations. The fluorescence images of the horizontal 
and vertical polarizations, defined in terms of the lab plane, are shown in Figure 4.3. 
From these images, the fluorescence dichroism (FD) can be determined at each pixel by 
calculating the difference between the two images divided by the sum. The FD is an 
indication of how well aligned the transition dipole moments are for a given sample. 
Since these particles are composed of the same molecule, the FD is an indication of the 
geometric order of the molecules within the particle. The FD values can range from -1 to 
1; an FD value of 0 indicates there is no distinct emission polarization and the sample is 
isotropic, which means there is no geometric alignment of the molecules. However, when 
FD is closer to -1 or 1, the sample has a distinct emission polarization and is well aligned. 
The FD values for the ellipse and discoid particles were 0.7 and 0.8, respectively. It is 
important to note that these are the minimum values possible, as no experimental 
methods were used to ensure that the emission particle polarization of a particle was 




Figure 4.3: a) Horizontally and b) vertically polarized fluorescence images (defined in 
terms of the lab plan) obtained from polarized scanning confocal 
microscopy of the same particles shown in Figure 4.2. c) Fluorescence 





molecules within each particle are highly aligned and that the spectral differences must 
be a result of other factors such as intermolecular spacing. 
While the different particles have shown a distinguishable variation in optical 
properties, the question remains as to what affect, if any, these morphological differences 
have on electronic properties. For electronic property characterization, each particle was 
studied with KPFM. KPFM is a non-contact, non-destructive electronic technique that 
simultaneously measures structural features as well as the local contact potential (LCP) 
difference between the scanning probe tip and the surface, which is closely related to 
intermolecular charge distribution.18-27 First, the topographic AFM data are obtained and 
then the same line is rescanned at a specified lift height while the voltage difference 
between AFM tip and surface is determined at each point in the image. The bias voltage 
(Vdc) applied to the AFM tip is equal to the LCP difference between the tip and surface, 
and is determined through nullification of the capacitance force between tip and surface. 
The LCP maps were measured for oligothiophene particles deposited on an insulating 
substrate (glass) to eliminate any electronic contributions from the underlying substrate. 
A representative topography and LCP image is shown in Figure 4.4. Data analysis was 
performed on unaltered images (example shown in Supporting Information) but for 
lucidity both images in Figure 4.4 were linearly flattened. The LCP between ellipse and 
discoid particles was found to be 70 ± 30 mV. This LCP difference suggests that subtle 
morphological changes in particle shape and molecular packing are accompanied by a 
redistribution of charge within or between oligothiophene molecules. For instance, the 
local surface charge density (σcd), can be estimated by applying the Helmholtz equation 





 Figure 4.4: a) Topography and b) LCP images of ellipse and discoid particles on a glass 
substrate. Both images were linearly flattened for lucidity. Data analysis was 
performed on the unaltered images. 
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For this calculation the permittivity of O6T was estimated to be 3 from the value for un-
substituted α-sexithiophene.33 The higher surface potential for the ellipse particles 
corresponds to a higher σcd of ~0.012 charges per nm2 above the discoid particles 
(assuming a capacitor thickness of 1 nm). Subtle changes in σcd (or intermolecular charge 
distribution) such as these could result from a variation in molecular packing density or 
molecular orientation between the different particles. 
The variation in LCP suggests that the effective position of the highest occupied 
molecular orbital (HOMO) level of a molecule may shift at least 70 mV as result of small 
changes in molecular packing and aggregation. As this difference was measured between 
particles of similar aggregation, the difference between amorphous and highly aggregated 
molecules could be even larger. This result correlates to a varying energy landscape in 
these π-conjugated material thin films as a result of the local morphology, which has 
been previously suggested.34 Changes in the relative energy levels of a molecule with 
morphology would have an effect on the charge separation efficiency at a donor-acceptor 
interface and ultimately on the efficiency of thin film photovoltaic devices. 
To investigate if this trend (decreased 0-0 vibronic band emission intensity 
correlating to an increased LCP) holds for more than just these two morphologies, a third 
particle from a different solvent mixture was studied. Rectangular particles from the 
THF/methanol solvent combination were studied (see Supporting Information). The ratio 
of the 0-0 to 0-1 vibronic bands in the fluorescence spectrum of these particles was found 
to be 0.54, a slightly lower value than that of the discoid particles and in between the 
values for discoid and ellipse particles. The FD value again was high for these particles at 
0.8, which shows that these particles also possess a high degree of molecular alignment. 
The LCP of the rectangular morphology particles falls in between the values for the 
ellipse and discoid particles but is closer to the discoid value than the ellipse, which is 
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expected based on the optical properties. The rectangular particle surface potential was ~ 
23 ± 14 mV higher than the discoid particles and ~ 50 ± 30 mV lower than ellipse 
particles. These results show there is a correlated trend in the morphological effects on 
optical and electronic properties. More specifically, the suppression of the 0-0 vibronic 
band in the emission spectrum correlates to a decrease in the LCP of the particle, despite 
being composed of the same molecule. 
4.4 CONCLUSION 
This work demonstrates that morphology affects not only optical properties of a 
molecule, but also electronic properties. Here, numerous identifiable particles were 
produced through solution processing of the same small molecule, O6T. Once the 
particles were isolated on a substrate, their individual properties could be studied and 
correlated. Emission spectra of particles of different shape showed a range of intensities 
in the 0-0 vibronic band as a result of variations in molecular aggregation between 
particles. Through KPFM, differences in the local contact potential and therefore 
intermolecular charge distribution of distinct particles were measured. A direct 
correlation between optical and electronic properties of the different oligothiophene 
particle morphologies showed an observed trend; more well-defined aggregates (as 
signified by increased suppression of the 0-0 vibronic band intensity in emission spectra) 
also exhibit an increased LCP. This result signifies that these measurements are capable 
of detecting subtle variations in molecular packing density or molecular orientation 
between the different particle morphologies. From this result we can conclude that a thin 
film of organic materials composed of molecules with varying degrees of aggregation 
will have a correspondingly heterogeneous energy landscape. Given that the alignment of 
energy levels in a donor/acceptor system is known to affect charge separation, it is 
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expected that the differences in local aggregation will have substantial effects on charge 
separation at bimolecular heterojunctions in thin film photovoltaics. Further studies are 
currently underway to correlate the affect molecular aggregation has in donor/acceptor 
systems through controlling aggregated states to optimize charge separation. 
4.5 SUPPORTING INFORMATION 
From Figure 4.5, the rectangular particle emission spectrum shows a 0-0 vibronic 
band intensity in between that of the discoid and ellipse particles. The amount of 
suppression is closer to that of the discoid particles than it is to that of the ellipse 
particles. 
The FD of ~0.8 for rectangular particles, Figure 4.6, shows that the molecular 
transition dipole moments within these particles are geometrically well-aligned. Thus the 
variable energetic disorder, gauged by the 0-0 vibronic band suppression in the different 
particle shapes, is not a result of geometric molecular order, as the FD values for all 
particle shapes (discoid, rectangular and ellipse) are similar. 
The LCP values, Figure 4.7, for the rectangular morphology were found to be 23 
± 14 mV higher then the discoid particles and 50 ± 30 mV lower than ellipse particles. 
This is where the surface potential of the rectangular particles is expected to fall based on 
the optical properties, as the 0-0 vibronic band suppression is in between that of discoid 




Figure 4.5: a) Total fluorescence image of rectangular particles found in the THF/MeOH 
solvent combination; intensity scale is from 0 to 55,000 counts. b) Emission 
spectra collected from the individual particles at the points marked in (a). c) 
Comparison of the averaged rectangular, discoid and ellipse particle 








Figure 4.6: a) Horizontally and b) vertically polarized fluorescence images, defined in 
terms of the lab plane. c) The fluorescence dichroism (FD) image calculated 
























Figure 4.7: a) Topography and b) LCP images of the rectangular morphology from the 
THF/MeOH solvent combination deposited on glass. c) The cross-sectional 
plot from the region of interest marked in images (a) and (b).  
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Figure 4.8: Overlay of each emission spectrum with the fit for the spectrum and the four 
Gaussian peaks composing each fit. Top left) O6T in THF solution. Top 




As mentioned in the main text, to better quantify the extent to which the 0-0 
vibronic band is suppressed, all the emission spectra were fit to a series of four Gaussian 
peaks (Figure 4.8). In order to remain consistent with a vibronic progression model 
where each vibrational level is energetically separated by the same amount, the peaks 
were kept at a constant energy spacing of 1328 cm-1. The only exceptions to this were in 
the spectra where the 0-0 vibronic band was most suppressed, the ellipse and rectangular 
particle spectra. For these spectra, the spacing was constant at 1328 cm-1 as well, except 
the spacing between the 0-0 and 0-1 bands was decreased by shifting the 0-0 band to 
lower energy by 178 cm-1. The solution spectrum in THF and the particle spectra from 
Figure 4.2c were all collected with the same instrumental setup so direct comparison 
between peak intensities are possible without instrument correction. For a consistent 
model, the widths of the Gaussian peaks were held constant for a particular spectrum. 
Also, all particle spectra were fit using the same peak width. The full-width-half-max and 
energetic spacing used to fit the solution spectra were 1365 cm-1 and 1385 cm-1, 
respectively. This was slightly different than the full-width-half-max and energetic 
spacing used for the particle spectra fits of 1315 cm-1 and 1328 cm-1, respectively. These 
differences are attributed to solvent effects.  
Frank Spano has developed models for correlating the spectral properties of 
weakly coupled aggregates with energetic disorder and electronic coupling parameters.13-
16, 35, 36 For strongly coupled H-aggregates, the 0-0 vibronic band should be completely 
suppressed, as it is a symmetrically forbidden transition. However, when energetic 
disorder is added to the system, the symmetry is broken and the 0-0 vibronic band may be 
observed to a varying extent. It is also true that even in the presence of energetic disorder, 
if the disorder is spatially correlated enough, the 0-0 vibronic band may be completely 
suppressed as well.14 The character β is the amount of spatial correlation to the energetic 
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disorder of the aggregate and can range from 0 to 1. The energetic disorder, denoted as σ, 
is estimated from the standard deviation multiplied by √2 of the Gaussian peaks used to 
fit the spectra. It is possible that some motional narrowing occurs in the peak width.16 
However, it holds that the σ from experimental spectra is the minimal possible value and 
is used in further calculations. Another parameter used in the models is the free exciton 
bandwidth (W). For determination of W from these models, the absorbance spectrum of 
the aggregate is needed.13 However, due to the large extent of optical scattering off of the 
particle aggregates deposited on glass and no setup for localized absorbance 
measurements, absorbance spectra of the different particle shapes was unattainable. Thus, 
for these aggregates, W could not be calculated from this model. As an approximation of 
W for these O6T particles, a value of 2000 cm-1 was used. This was determined based on 
the results of previous studies. One study where W for a poly(3-hexylthiophene) (P3HT) 
film spun from chloroform was found to be ~ 968 cm-1 and another study where a 6 unit 
oligothiophene molecule was shown to have around double the electronic coupling value 
of the polymer at the same intermolecular distance of 4 angstroms.15, 17 
Since the same value of σ was used to fit the spectra of all the targeted particle 
shapes, the suppression in the vibronic 0-0 band must be a result of variation in another 
parameter. As previously mentioned, the other parameters that affect the intensity of the 
0-0 vibronic band are β and W.14, 16 Here, we estimated the range β could vary between 
particles to obtain the experimentally determined intensity ratio of 0-0 to 0-1 bands for 
each particle shape. For this, the σ from the fit spectra was used along with Equations 3 
and 4.14 











     (4) 
I0-0 and I0-1 are the intensities of the 0-0 and 0-1 vibronic bands, respectively. The 
Haung-Rhys factor (λ2) is calculated from the ratio of I0-0/I0-1 from the solution (non-
interacting molecular) spectrum, with I0-0/I0-1 = 1/ λ2. Equations 1 and 2 apply only when 
the Huang-Rhys factor is 1; therefore, 1 has been inserted in place of λ2 in the term of 
both equations shown above. The Huang-Rhys factor for this molecule was determined to 
be 1.07; for simplicity, the equations were used as written with an assumed value for the 
Huang-Rhys factor of 1, which was very close to the measured value. With a constant 
value for W (2000 cm-1), β was determined to be 0.37, 0.44 and 0.65 for discoid, 
rectangular and ellipse particles, respectively. These β values were then used to calculate 
the spatial correlation length (ℓ𝓁!), in dimensionless units, of lattice spacing, as 
determined through the relationship ℓ𝓁! =   −1/ln  (𝛽).16 The spatial correlation lengths 
were determined to be 1.0, 1.2 and 2.3 for discoid, rectangular and ellipse particles, 
respectively.  
In the original fits shown in Figure 4.8, the energy spacing between the peaks in 
the particle spectra was kept at a constant 1328 cm-1. However, the energy spacing 
between the 0-0 and 0-1 vibronic peaks in the ellipse and rectangular particle spectra fits 
was decreased by 178 cm-1. This shift in energy spacing could be the result of self-
absorption of the particles, with more self-absorption resulting in decreased 0-0 band 
intensity. Reasons disproving self-absorption have been discussed in the main text. 
However, to test what effect, if any, this shift in energetic spacing would have on the 0-
0/0-1 intensity ratio, the ellipse and rectangular particle spectra were refit with a constant 
energy spacing of 1328 cm-1. These fits are shown in Figure 4.9; the fit purposefully 







absorption. From these modified fits, the 0-0/0-1 intensity ratio was determined to be 
0.35 and 0.58 for ellipse and rectangular particles, respectively. These values are very 
similar to those deduced from the original fits shown in Figure 4.8: values of 0.29 for 
ellipse particles and 0.54 for rectangular particles. The discoid particle fit was not 
modified keeping the 0.64 value for the 0-0/0-1 intensity ratio. This shows that even with 
constant vibronic energy spacing in the fits of all the particles, the resulting 0-0/0-1 
intensity ratios are essentially the same as the original fits discussed in the text, and more 
importantly the trend in the data is unaffected. 
Surface charge density (σcd) calculation: The σcd was calculated from the LCP 
measurements and equation 5.28, 29 
 
  𝐿𝐶𝑃 = !!"!!!!!      (5) 
 
where 𝜖! and 𝜖! are the relative and vacuum permittivity respectively and d is the 
distance between the two plates of the theoretical capacitor. For this calculation 𝜖! was 
estimated to be 3 from the value for un-substituted α-sexithiophene.33 The value for d was 




Figure 4.9: A modified version (from Figure 4.8) of the fit and four Gaussian peaks 
composing each fit to the emission spectra of a) ellipse and b) rectangular 
particles. These fits purposefully miss the high energy edge of the spectra to 
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Chapter 5: Future Work and Directions for Research 
5.1 DISSERTATION SUMMARY 
The goal of the research presented in this dissertation was to develop methods for 
characterizing the effects of local morphological heterogeneity on solution processable 
PV materials and through these methods, provide a better understanding of the influence 
morphology has on electronic and optical properties. Chapters 2 and 3 present 
microscopy measurements on functional PV devices, with the localization of the 
measurement resulting from only illuminating a small region of the device at a time. 
Through correlation of local PC generation with optical properties, a valuable 
understanding into the effects of morphological heterogenetiy on device performance was 
gained. This understanding yields feedback for device fabrication by providing a target 
morphology for maximum PV performance. Chapter 4 presents an approach focused on 
selecting a morphological parameter known to vary in solution processable PV materials 
and creating a sample set with a tunable variation of that parameter for study. The 
parameter of interest was the extent of molecular aggregation (or intermolecular 
coupling) through a sample set of particles created from solution processing of the same 
oligothiophene molecule. The particles, identifiable by shape, could then be studied with 
various optical and electronic techniques. The studies found a correlation of less 
energetic disorder with an increased LCP, meaning as energetic disorder in the molecular 
system is decreased the effective work function of the material is decreased by up to 70 
meV (between particles of moderate to low energetic disorder). This effect is likely to 
have substantial implications for charge separation efficiency at the donor/acceptor 
interface, as the driving force for charge separation is the energetic differences between 
the respective HOMO or LUMO (lowest occupied molecular orbital) levels of the donor 
and acceptor. The electronic and optical variations result only from the morphology 
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present in the different particles as they are all composed of the same molecule, 
illustrating the significant effects morphology can have on properties. Also, through the 
experimental techniques used to study the particles, the morphological effects were 
quantified. The presented work has demonstrated the valuable understanding gained into 
morphological effects on PV properties from use of these novel characterization 
methodologies. In addition, these techniques are not limited to the material systems 
studied here but can be more universally applied to better characterize heterogeneity in 
other PV relevant systems. There are also extensions of these techniques, discussed in 
this chapter, which would provide an even more comprehensive understanding of 
heterogeneity in PV relevant materials. 
5.2 MAPPING PV PERFORMANCE HETEROGENEITY UNDER AN APPLIED BIAS VOLTAGE 
The scanning PC and PL microscopy setup described here was primarily used to 
map the device properties under zero applied bias. The LVPC measurements collected on 
both the CIGS nanocrystal and PFB:F8BT systems studied showed the only significant 
difference in diode characteristics to be the magnitude of PC generated. This result 
suggested that a comprehensive view of the PV performance heterogeneity in these 
material systems is gained through the images of PC generation with zero bias voltage. 
However, while the LVPC measurements were valuable, they only allowed for study of 
the bias dependent properties of a few specific regions within each collected image. Also, 
in other materials systems, substantial variations in the local diode characteristics have 
been observed.1 A more comprehensive picture of the bias dependent PV variations and 
optical properties would be obtained from collecting images under an applied bias, or 
collecting an image of the induced photovoltage variations. 
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An insightful parameter in PV characterization is the Voc, the applied bias at zero 
PC. The Voc in the ‘bulk’ characterization I-V measurement is the applied bias at which 
the sum of the dark current and photocurrent is zero. As the experimental setup used for 
scanning PC and PL microscopy uses an optical chopper and lock-in amplifier to improve 
the signal to noise ratio, the dark current is filtered out of the measurement and only the 
magnitude of the PC is measured, the amplitude of the oscillating wave from light off 
(dark current) to light on (photocurrent). Thus, as described in chapter 2, in the LVPC 
measurement scheme only the PC is measured with applied bias voltage. Thus, the 
voltage at zero PC measurement in the LVPC is the point at which the dark current is 
equal to the photocurrent, and not the Voc in the traditional sense. However, the value 
measured in the LVPC measurement would approach the Voc in the limit of small to 
negligible dark current. Regardless, mapping of the local induced photovoltage would 
yield valuable information on the electronic variations across the device. This 
information may yield insight into charge recombination mechanisms and the energy 
variations of the CT state in donor/acceptor systems.2,3  
Experimentally, for the I-V sweep (and the LVPC measurement) the source 
voltage (applied bias) is scanned and the current is measured. In a similar manner the 
measurement could be modified to source current and monitor the local photo-induced 
voltage. An alternative route may be that the input resistance on the lock-in amplifier is 
sufficient to prevent the current flow and measure the induced photovoltage directly. 
Sourcing zero current and mapping the induced photovoltage produced with local 
illumination at each step would create image maps of variations in the voltage at zero PC. 
As the dark current is minimal the voltage with the light off should be close to zero and 
then with the light on the voltage would be representative of the local Voc. Thus, using 
this approach it may be possible to measure image maps that allow correlation of relative 
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changes in Voc, PC and PL. Furthermore, through collecting multiple images each at a 
slightly different applied bias, the LVPC measurement could be compiled at each point in 
an image. This would yield a comprehensive view of any variation present in the local 
diode characteristics. 
This experiment, however, would be more difficult to interpret than the PC image 
maps. With PC imaging the path the charge carriers take to get out of the device is not 
significant to the resolution of the images. However, with a local measurement of 
induced photovoltage, this process is more complicated as the extracted charge carriers 
end up at the same conductive electrodes and thus would have a similar potential 
difference. Any leakage current in the regions surrounding the illuminated region may 
have a substantial effect on the measurement as a result the resolution may be more 
determined by surrounding leakage current effects than the region of the device being 
illuminated. As with all these techniques it is a question of the resolution of the 
measurement versus the length scale of the heterogeneity in PV properties. 
5.3 OPTICAL EXTENSIONS TO THE SCANNING PC AND PL MICROSCOPY TECHNIQUE 
In the presented work, PC generation was simultaneously collected with PL 
properties (either total PL or a PL spectrum). The PL was essential in determining some 
of the chemical composition variations that influenced the amount of PC generation. In 
the case of the CIGS nanocrystal based PV, the PL allowed for identification of CdS 
aggregates that were having a detrimental effect on PC generation. While in the bulk 
heterojunction PFB:F8BT based PV device, the PL allowed for qualitative 
characterization of the local chemical composition variations along with the intensity 
fluctuations across the device of particular charge recombination mechanisms such as 
exciplex-PL. Thus, this work has demonstrated that PL measurements yield valuable 
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insight into material identification, qualitative chemical composition variations, and the 
extent of local radiative charge recombination mechanisms occurring across the PV 
device. However, the optical collection capabilities of this setup could be expanded to 
further characterize the heterogeneity through measurement of many other spectroscopic 
properties including: electroluminescence (EL),4-7 Raman spectroscopy,8-11 polarized 
PL,12,13 time resolved PL14-17 along with absorbance and reflectivity measurements. In the 
following text the beneficial details to electroluminescence (EL) and Raman spectroscopy 
measurements are presented.  
5.3a Electroluminescence Measurements 
Electroluminescence (EL) measurement involves injection of charge carriers from 
the electrodes into the PV device through an applied voltage, some of the charge carriers 
will meet in the device and radiatively recombine, the emitted light is the EL. This is the 
operation mode of a light emitting diode (LED), the reverse mechanism of the PV device 
in which charge carriers are generated through light absorption and extracted from the 
device at the electrodes. The intensity variations in EL across the PV device could be 
mapped in a small amount of time through a wide field microscopy image, or local EL 
spectra could be obtained from the scanning confocal microscope setup used in optical 
collection mode. 
Recently, EL intensity has been shown to correlate with numerous factors 
affecting the PV performance along with certain PV characteristics: Voc, Jsc, electrode 
contact characterization, fabrication defects and charge transfer (CT) state radiative 
recombination.2-7,18-20 The energy of the peak in EL intensity resulting from CT state 
radiative recombination has shown direct correlation with the Voc measured in the same 
PV device.3 Thus, collection of local EL spectra may actually be an alternative method to 
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mapping heterogeneity in Voc than the local induced photovoltage method described 
previously. There has also been work correlating the intensity of the EL with the Jsc 
measured locally with LBIC.19 The voltage dependence of EL has been used to study the 
radiative recombination mechanisms in donor/acceptor PV devices.2 Images of EL in 
these systems also would yield information into variation in the radiative recombination 
efficiency and, more importantly, any difference in the energy of emission from the CT-
state across the film.4  
 Experimentally, this would involve applying a bias and monitoring the emitted 
light intensity. With wide-field microscopy, an image of the EL intensity variations 
across the device is collected simultaneously. Wavelength dependent intensity 
measurements in the wide-field mode would require use of optical filters to narrow the 
wavelength range of collection. With scanning confocal microscopy operated in 
collection mode, EL spectra at each point in an image could be collected from a film for 
more extensive EL information. The difficulties with EL measurements will result from 
likely low signal to noise ratios and the fact that in many materials systems the EL 
emission is in the infrared, which would require optical detection sensors more sensitive 
to infrared radiation than the silicon detectors currently used in the experimental setup. 
5.3b Raman Spectroscopy 
The PL measurements presented in this work provided information towards 
radiative recombination effects, chemical identification, and qualitative chemical 
composition variations across the device. The compositional variations determined from 
PL are only qualitative because the intensity of the PL is affected by many properties. 
The main factors affecting PL are the PL quantum yield and light absorption variations 
(resulting from both local concentration and the absorbance profile of the sample), 
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neither of these properties were measured directly in these experiments. Further 
complications result from the charge extraction that the PV device is designed for, the 
possibility of FRET (fluorescence resonance energy transfer) from one material to the 
other, and the possibility of other radiative charge recombination mechanisms such as 
exciplex PL.  
One spectroscopic technique that is capable of providing a more straightforward 
quantitative analysis without these types of complications is that of Raman spectroscopy. 
Ramam microscopy measurements have been used to determine quantitative chemical 
composition the extent of molecular order present locally.8-11 Through these types of 
experiments in resonance Raman mode, PC can be simultaneously studied with variations 
in resonance Raman intensities.9,10 
Experimentally this would involve moving the diffraction grating in the 
spectrometer to view the wavelength range of the Raman signal, which is dependent on 
the illumination wavelength. The Raman measurements could be done simultaneously 
with PC image maps in resonance Raman mode, or could be done separately in just 
Raman mode. As Raman is a scattering technique that does not require light absorption a 
wide range of illumination wavelengths are possible to gather the same information. One 
difficulty of this measurement may be the signal to noise ratio, as Raman intensity is 
generally much less intense than PL intensity. Initially Raman measurements from 
regions of interest in the PC image map could be obtained followed by imaging of the 
Raman intensity fluctuations. 
5.4 QUANTITATIVE MEASUREMENT OF THE EFFECT OF MOLECULAR AGGREGATION ON 
CHARGE SEPARATION AT A DONOR/ACCEPTOR HETEROJUNCTION 
The decrease in effective work function of the same molecule as a result of 
morphology (presented in chapter 4), would likely have a substantial effect on charge 
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separation at the donor/acceptor interface.13 Thus, it would be interesting to quantify the 
influence the effective work function change between the particles has on charge 
separation. This measurement could be done with KPFM, similar to an experiment 
described in the literature.21  
For this measurement a sample consisting of both isolated and overlapping donor and 
acceptor particles is needed. The oligothiophene particles (donor) are already isolated and 
scattered across the glass substrate. Thermal deposition of a common acceptor material 
(C60) onto glass has resulted in island growth of this material (Figure 5.1). This was 
achieved through a low deposition rate, around 0.1 Angstroms per second, and stopping 
the deposition before a complete monolayer of material is formed. The island size varies 
with the amount of material deposited. Thus, through thermal deposition of C60 onto the 
substrate containing the oligothiophene particles the desired sample is obtained. The 
measurement involves KPFM of the LCP under dark and illuminated conditions. Through 
observation of the change from dark to light in LCP of the isolated particles compared to 
the change for overlapping donor and acceptor particles, the number of charges 
transferred between donor and acceptor particle is determined.21 These measurements 
would allow for quantitative determination of the difference in charge separation 
efficiency between the C60 and oligothiophene particles of moderate to low energetic 
disorder. These data would show the impact that a 70 meV difference in work function 
has on charge separation. The result would be valuable in understanding the effect that 
morphological variations can have on local charge separation in donor/acceptor PV 
systems along with information into the energetic driving force needed for charge 




Figure 5.1: An AFM topography image of islands of C60 (acceptor material) on glass. The 
islands were grown by thermal deposition in a vacuum chamber located in a 
nitrogen filled glove box. The diameter of the islands is controllable through 






5.5 CONCLUDING REMARK: 
The value of the methodologies presented in determining the morphological 
effects on PV performance in solution processable PV materials was demonstrated. These 
techniques are not specific to the material systems studied here but could also be applied 
more universally to a wide range of PV devices and material systems. The information 
gained provides direct insight into the factors affecting PV performance, which provides 
a guide for fabrication of improved efficiency PV devices. Thus, this enhanced 
characterization aids in developing a useful, environmentally friendly energy source for 
future generations. 
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